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Sir: 

DECLARATION UNDER 37 C.F.R. S 1.132 

I, Donald Gullberg, do hereby make the following declaration: 

1 . I am a Professor of Biomedicine at the University of Bergen, Norway. 

2. My curriculum vitae is provided as Appendix 1 . 

3. I am the sole inventor of the invention disclosed in US Patent Application 
No. 09/980,403, which relates to the human integrin alpha-1 1 subunit and its use. 

4. I have reviewed the Office communication dated July 18, 2007, issued in 
connection with US Patent Application No. 09/980,403, including the references cited 
therein. 

5. I am the same Donald Gullberg who co-authored the following references 
cited by the Examiner on page 3 of the Office communication: 
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Gullberg et al., Dev. Dyn. 204:57-65 (1995) 
Veiling et al., J. Biol. Chem. 274:25735-42 (1999) 

6. In the following paragraphs I state my opinion as to certain assertions 
made by the Examiner in the communication dated July 18, 2007. 

7. The Examiner asserts that "Gullberg et al teach an isolated integrin 
subunit amt obtained from G6 myoblasts and myotubes." Office communication, page 
3. I disagree with this assertion because Gullberg et al did not isolate integrin amt, or 
any other new integrin molecule, from G6 myoblasts and myotubes. Gullberg et al only 
identified a biochemical entity that was proposed to be a new integrin a chain based on 
certain biophysical properties that were reminiscent of known integrin a chains and the 
lack of immunological cross-reactivity with some of the known integrin a chains. The 
mentioned biophysical properties were (1) the interaction with integrin subunit (31 as 
observed by co-immunoprecipitation and (2) the size in polyacrylamide gels. See 
Gullberg et al., page 58, left column, last paragraph, and page 59, first paragraph. 

Hence, the integrin amt of Gullberg et al is a biochemical entity that was 
characterized almost exclusively by immunological methods. This entity was not 
isolated or purified. Gullberg et al does not contain a single experiment that was 
designed to isolate or purify integrin amt from the cell extracts. 

8. The Examiner asserts that the claimed invention differs from the reference 
teachings only by the recitation of different domains of integrin subunit a1 1 and of amino 
acids of SEQ ID NO:2 comprised in the domains. Office communication, page 3. I 
disagree with this assertion because Gullberg et al did not disclose any new integrin 
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molecule that is identifiable by a specific amino acid sequence. Whether the new 
integrin amt proposed by Gullberg et al is related, or even identical, to the integrin 
subunit a11 or SEQ ID NO:2 disclosed in application 09/980,403 remains unknown to 
this day. Gullberg et al did not disclose any amino acid sequence that would allow such 
a conclusion. Hence, the claimed invention differs from the reference teachings not 
only by disclosing specific domains of integrin subunit a1 1 , but also by disclosing 
integrin subunit a1 1 itself. The statement by Veiling et al. that the integrin amt of 
Gullberg et al correlates to integrin subunit a1 1 is not based on any sequence 
information but solely on the comparison of a very limited number of biophysical 
properties (see my Declaration dated November 10, 2005, and Teet Veiling's 
Declaration dated November 15, 2005). In fact, Gullberg et al left open the relation 
between the biochemical entity termed integrin amt and integrin a chains that were not 
addressed in the study, alternative splice variants of integrin a chains, and any 
unrelated integrin subunit p1 interaction partners. 

9. The Examiner asserts that based on the combined teachings of the cited 
references one of ordinary skill in the art would have had a reasonable expectation of 
success in producing the claimed invention. Office communication, page 5. I disagree 
with this assertion for the following reasons. 

(a) One of ordinary skill in the art at the time of the invention knew 
about the enormous complexity of the integrin family, in particular with respect to its 
large number of related genes and proteins, its complex expression patterns, and its 
complex regulation. Eleven (11) integrin a chains that associate with integrin pi had 
been identified and characterized. Furthermore, it was generally accepted that the 
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identification of integrin proteins was complicated by the occurence of alternative 
splicing of integrin chains. 1 Moreover, it was well established that integrins are 
expressed in a cell type-dependent, differentiation state-dependent, and/or species- 
specific fashion. 2 

My coworkers and I found this also to be true for the proposed new 
integrin amt. Gullberg et al, abstract; page 58, paragraph 3; and Figure 1 . Finally, it 
was known that the activation, posttranslational modification, and even sequence of 
various integrins depend on cell type and differentiation state. 3 

(b) In my opinion, one of ordinary skill in the art at the time of the 
invention would have taken one of three approaches to clone the cDNA of an unknown 
integrin subunit, such as the integrin subunit amt. In fact, all integrin subunits identified 
in the period between 1987 and 1996 were cloned by one of these three approaches. 4 

A first approach would have been to affinity purify the integrin subunit, 
followed by aminoterminal sequencing of the isolated integrin protein, and cDNA library 
screening using a degenerate DNA probe designed based on the obtained 


1 See, e.g., Ziober et al., Mol Biol Cell. 1997 Sep;8(9): 1723-34, at page 1724. This reference is 
provided as Appendix 2. 

2 See, e.g., Ziober et al., Mol Biol Cell. 1997 Sep;8(9):1 723-34; Erie et al., J Biol Chem. 1991 
Jun 15;266(17):11009-16; Humphries et al., Ciba Found Symp. 1995;189:177-91; discussion 
191-9; Shaw and Mercurio, Mol Biol Cell. 1994 Jun;5(6):679-90; Djaffar et al., Biochem J. 1994 
May 15;300 ( Pt 1):69-74; Collo et al., J Biol Chem. 1993 Sep 5;268(25): 1901 9-24; Song et al., 
J Cell Sci. 1993 Dec;106 ( Pt 4):1 139-52. These references are provided as Appendix 3. 

3 See, e.g., Ziober et al., Mol Biol Cell. 1997 Sep;8(9): 1723-34, at abstract and pages 1723-4. 

4 See, e.g., Wayner and Carter, J Cell Biol. 1987 Oct; 105(4): 1873-84; Hogervorst et al., EMBO 
J. 1990 Mar;9(3):765-70; Sheppard et al., J Biol Chem. 1990 Jul 15;265(20):1 1502-7; Erleetal., 
Am J Respir Cell Mol Biol. 1991 Aug;5(2): 170-7; Hogervorst et al., Eur J Biochem. 1991 Jul 
15;199(2):425-33; Palmer et al., J Cell Biol. 1993 Dec; 123(5): 1289-97; Van der Vieren et al., 
Immunity. 1995 Dec;3(6):683-90; Wong et al., Gene. 1996 Jun 1;171(2):291-4. These 
references are provided as Appendix 4. 
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aminoterminal amino acid sequence. For affinity purification, antibodies would have 
been used that were raised to cell surface proteins and selected based on their ability to 
block adhesion of cells to extracellular matrix proteins. Alternatively, affinity purification 
would have been attempted via the interaction of the integrin subunit with another, 
known integrin subunit (such as integrin (31 in case of integrin amt). 

A second approach would have been to use the above antibodies for the 
screening of a cDNA expression library. 

A third approach would have been to screen a cDNA library with a DNA 
probe that was either derived from a PCR amplification product or by in silico design 
based on regions of homology between already known integrin subunits. The PCR 
amplification product would have been obtained using degenerate primers, designed 
based on regions of homology between already known integrin chains, and reverse- 
transcribed mRNA from the known cellular source as template. 

In each of these three approaches the source material (i.e. the cells to 
which antibodies are raised; the cells from which the integrin subunit is affinity purified; 
the cells from which cDNA or expression libraries are constructed; and the cells from 
which mRNA is isolated) would have been the same type of cells in which the integrin 
subunit had been identified. Hence, in case of integrin subunit amt the source material 
would have been human myotube cells, and more specifically G6 myotube cells. See 
Gullberg et al., Figure 1 . The reason for this is that one of ordinary skill in the art would 
have been very reluctant to change cell source because the art at the time had taught 
that integrins are expressed in a cell type-dependent, differentiation state-dependent, 
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and/or species-specific fashion and that alternative splice variants of various other 
integrin alpha and beta chains further complicate the integrin expression pattern. 

We tried to clone the proposed integrin amt by each of these three 
approaches, but we failed. For example, we attempted to obtain monoclonal antibodies 
against integrin amt for the purpose of cloning integrin amt by affinity purification or 
screening of an expression library. However, immunization of mice with G6 myotubes 
failed to yield any antibodies against integrin amt. We also attempted to affinity purify 
integrin amt using monoclonal antibodies against the interaction partner integrin (31. 
However, despite collection of large numbers of cultured myotubes for immunoaffinity 
chromatography this approach also failed. Finally, we also attempted to amplify the 
cDNA of integrin amt by PCR using mRNA from myotubes as template and degenerate 
primers based on conserved regions of known integrin a chains. However, such PCR 
reactions amplified several other, known integrin a chains, but failed to amplify integrin 
amt. For discussion of our unsuccessful attempts to clone integrin amt by each of the 
above approaches see also Gullberg et al., page 61, paragraph 2; Veiling et al., page 
25737, first paragraph of Results and Discussion; and the specification of the instant 
application at page 19, lines 24-28. 

Others are likely to have tried and failed as well. For example, evidence 
for the existence of a separate, unknown collagen receptor on fibroblasts had been 
reported as early as 1991 . 5 One report provided evidence that fibroblasts contain a 
collagen receptor comprising integrin (31 and an unknown integrin a chain that mediates 
reorganization and contraction of three-dimensional collagen I gels by cultured 
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fibroblasts. 6 Another report provided evidence that fibroblasts contain a collagen 
receptor comprising integrin pi and an unknown integrin a chain that mediates cell 
spreading on collagen I substrata. 7 In both scenarios the unknown integrin a chain is 
likely to have been integrin amt or integrin a1 1 . However, none of the involved 
researchers identified and isolated the unknown integrin entity, despite the fact that 
these researchers have been significant players in the integrin field since around 1991 8 
and there was an intense interest in the field in identifying new integrin molecules due to 
the recognized biological and medical importance of integrins. I am convinced that the 
researchers 1 failure to identify and isolate the unknown integrin entity is not a 
coincidence, but is due to the seemingly insurmountable difficulties in cloning this 
integrin by any of the approaches that one of ordinary skill in the art at the time of the 
invention would have used. 

(c) There was intense competition among many laboratories at the 
time of the invention to beat each other in cloning any new integrin molecule, because 
the importance of integrins for human disease had been well recognized. 9 Yet, despite 


5 See, e.g., Klein etal., J Cell Biol. 1991 Dec;115(5):1427-36; Gardner etaL, Dev Biol. 1996 
May 1;175(2):301-13. These references are provided as Appendix 5. 

6 Klein etal., J Cell Biol. 1991 Dec; 11 5(5): 1427-36. 

7 Gardner etal., Dev Biol. 1996 May 1;175(2):301-13. 

8 Listings of integrin-related publications of two of the researchers (Humphrey Gardner and 
Thomas Krieg) are provided as examples in Appendix 6. 

9 See Expert Declaration by Dr. Staffan Johansson, page 2; see also, e.g., Van der Vieren et 
al., Immunity. 1995 Dec;3(6):683-90 (" Despite extensive research in this field , only three 
members of this integrin subfamily have been described: CDIIa/CD18 (LFA-I), CDIIb/CD18 
(Mac-I), and CDIIc/CD18 (pl50,95). We have identified a cDNA encoding a fourth a chain, ad, 
that associates with CD18." (emphasis added)); Kumar, Oncogene. 1998 Sep 17; 17: 1365-73 
("The signals from integrin receptors are integrated from those originating from growth factor 
receptors in order to organize the cytoskeleton, stimulate cell proliferation and rescue cells from 
matrix detachment-induced programmed cell death. These functions are critical in the regulation 
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these intense efforts, and despite the fact that new integrin chains were cloned by the 
above described approaches at a rapid pace in the early 1990's (see footnote 4), no 
one was able to clone integrin subunit amt in the years between the publication of 
integrin amt in 1995 and the publication of integrin a1 1 in 1999. In fact, no new a chain 
could be cloned in the years between 1996 and 1998. Thus, it was generally assumed 
in the integrin research community during this period that all existing a chains had 
already been identified. Several publications of the cloning of "integrin-like" proteins - 
which turned out not to be true integrin proteins further enhanced the belief that all 
true integrin a chains had been identified and fostered a general skepticism towards any 
report of a newly identified integrin protein. 10 

(d) Because of the complexity of the integrin family (see 9. (a)) one of 
ordinary skill in the art would have most likely isolated cDNAs of known integrin a chains 
or of alternative splice variants thereof, rather than of any new integrin a chain, by using 
any of the approaches described above. This was born out by our finding that PCR with 
degenerated primers amplified multiple different integrin a chains, including at least 
integrin a1 , a3, a4, a5, a6, a7, and av, from G6 myotubes but failed to amplify any new 
integrin a chain. Gullberg et al, page 58, paragraph 3, and page 59, paragraph 2. 
Integrin a7 which is expressed in G6 myotubes is a prime example of the complicated 
expression pattern of alternatively spliced products derived from the same gene. 11 

of multiple processes such as tissue development, inflammation, angiogenesis. tumor cell 
growth and metastasis and programmed cell death. " (emphasis added)). These references are 
provided as Appendix 7. 

10 See, e.g., Gale et al., Proc Natl Acad Sci USA. 1996 Jan 9;93(1):357-61; Berg et al., 
Genomics. 1999 Mar 1;56(2): 169-78; Laval et al., Biochim Biophys Acta. 1999 Nov 16;1435(1- 
2):61-70. These references are provided as Appendix 8. 

11 See, e.g., Ziober et al., Mol Biol Cell. 1997 Sep;8(9): 1723-34. 
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(e) Because of the complexity of the integrin family in general (see 
9.(a)) and the differentiation state-dependent, selective expression of integrin amt in 
myotubes in particular (see Gullberg et al.), one of ordinary skill in the art would not 
have been motivated to try a different source material in attempts to clone integrin amt. 
Clearly, the art at the time of the invention advised against changing the source material 
when trying to clone an integrin molecule that had been identified by biochemical means 
in a specific cell type and in a specific developmental or differentiation stage (see 
footnote 2). It was understood by one of ordinary skill in the art that changing the 
source material would dramatically reduce the expectation of success. 

10. The Examiner asserted that it "would have been obvious to one of 
ordinary skill in the art at the time of the invention was made to determine the amino 
acid sequence amt subunit taught by Gullberg et al using the genetic engineering 
techniques as taught by Albert et al." Office Action, page 4. I disagree for the following 
reasons. 

(a) The techniques referred to by the Examiner require that a protein is 
purified to homogeneity. See Alberts et al, page 174, paragraph 4. Only if a sufficient 
quantity of pure protein is obtained, the N-terminal amino acid sequence can be 
determined and a cDNA cloned. See Alberts et al, page 262, paragraph 4. However, 
we did not show isolation or purification of the biochemical entity termed integrin amt in 
Gullberg et al. We did not show data that would allow an assessment of the purity or 
the abundance of integrin amt. Gel bands obtained by SDS-PAGE and autoradiography 
or fluorography of immunoprecipitations from surface labeled or metabolically labeled 
cells (see Gullberg et al., Figures 1-4) do not allow such an assessment, in particular in 
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view of the complexity of the integrin family described above (see 9. (a)). Furthermore, 
we did not disclose any biophysical properties of integrin amt, except for its size and 
interaction with integrin p1 , that would enable someone skilled in the art to design a 
successful purification strategy. In addition, the detectability of integrin amt varies 
greatly with the differentiation state of G6 cells. See Gullberg et al, page 58 and 
Figure 1. 

(b) Isolation of a protein of interest from a cell requires methods for 
separating the protein from the other thousands of cellular proteins and for detecting the 
protein of interest. The detection method must be highly specific, simple, fast, and 
sensitive enough so that only a small proportion of the available material is consumed at 
each purification step. In Gullberg et al. we did not provide any guidance on suitable 
methods for separating integrin amt from the other thousands of cellular proteins, nor 
did we provide any guidance on suitable methods for detecting integrin amt during a 
successful purification scheme. 

(c) We indicated in Gullberg et al that a cloning strategy as described 
by Alberts et al would not have a significant chance of success. We expressed our 
opinion that further biochemical characterization or immunoaffinity purification of integrin 
amt will be problematic because of the technical difficulties associated with (1) obtaining 
sufficient source material and (2) separating integrin amt from other integrin molecules 
with similar molecular size. Gullberg et al, page 61, paragraph 2. The seemingly 
insurmountable technical difficulties of purifying a sufficient quantity of integrin amt in 
sufficient purity for successful aminoterminal sequence analysis was born out by the 
fact that we tried, but failed, to achieve such a purification of integrin amt. 
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1 1 . Based on the evidence provided in 7.-10. 1 believe that one of ordinary 
skill in the art at the time of the invent** - after considering all the facts and knowledge 
available - would not have reasonably expected to be able to clone integrfn „mt from a 
source other than human myotubes, and he/she would have had no good reason to 
pursue cloning of integrin subunit.mt from uterus tissue (the cDNA of integrin J 1 was 
cloned from an uterus cDNA library; see Veiling et al). 

12. Based on the evidence provided in 7.-10. 1 also believe that the prior art, 
including Gullberg et al, did not put integrin _1 1 or its domains in the possession of the 

public. i 

13. I further declare that all statements made herein of my own knowledge are 
true and that all statements made on information and belief are believed to be true, and 
further, that these statements were made with the knowledge that willful false 
statements and the like so made are punishable by fine or imprisonment, or both, under 
Section 1001 of Tltte 18 of the United States Code, and that such willful false 
statements may Jeopardize the validity of the application or any patent issuing thereon. 
Dated: January 16, 2008 / v: //} J^^E^ 
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APPENDIX 1 


OF 

DECLARATION UNDER 37 C.F.R. § 1.132 
DATED JANUARY 16, 2008 
BY 

DONALD GULLBERG 


Content: 

Curriculum Vitae of Donald Gullberg (5 pages) 


Donald Gullberg 


Name: 

Date and place of birth: 
Norwegian Personal nr: 
Home address: 
University studies: 
Degree: 

Postdoctoral studies: 
Professor competence: 


Present position: 
Previous positions: 


Prizes: 


Supervision of PhD students: 


CURRICULUM VITAE 
Donald Elon Gullberg 
1959-03-19 in Arboga, Sweden 
190359-19115 

Rieber Mohns vei 25 A, 5231 Paradis, Norway. 

Major in chemistry, Uppsala university (1980-1984). 

Dr. Med. Sci. 90-02-21, Dept. of Medical Chemistry, Uppsala Univ. 

Swedish Natural Science Research council (NFR) postdoc scholarship 
(June 1990 - November 1992) UCLA, CA. Studies of cell adhesion 
during muscle development in Drosophila melanogaster. 

September 2003, qualified as professor in Medical Biochemistry, 
Karolinska institute (ranked number one for lectureship in Medical 
Biochemistry). 

February 2003, qualified as professor in Medical Physiology (ranked 
number one for professorship in Physiology at University of Bergen, 
Norway). 

November 2002, qualified as professor in Functional Genetics, Lund 
University (ranked number two for lectureship in functional Genetics). 

(040101 - present) Professor of Medicine (Physiology), Dept. of 
Biomedicine, University of Bergen. 

• (990701- 031231) Research scientist, Uppsala University, from 01- 
09-01- 03- 12-31 at Medical Biochemistry and Microbiology, Uppsala 
University. 

• (990101-990630) "Vikarierande lektor", Department of Cell-& 
Molecular Biology, Uppsala University. 

• (930101-981231) "Forskarassistenttjanst" financed by Swedish 
Medical Research council (MFR), at Dept. of Animal Physiology, 
UU. 

Walter A. Jonsson Prize, Experimental Cell Research and Academic 
Press, spring -92. 

Assistant supervisor: Lars Lohikangas, (1995-2000) 
Main supervisor : Teet Veiling (1994-2000, defended thesis 2000-05- 
18), Carl-Fredrik Tiger (1996-2002, defended thesis 2002-05-16). 
Current Ph.D students : Ning Lu, University of Bergen spring 2004, 
Malgorzata Barczyk registered fall 2005, Sergio Carracedo, registered 
spring 2006 
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Supervision of postdocs: Wan-Ming Zhang M.D., Ph.D. 00-06-01-02-06-30, Belen Rodriguez- 
Sanchez, Ph.D. 03-01-12 - 05-01-30, Svetlana Popova M.D, Ph.D. 
01-09-01 - present 


Commission of trust: Grant reviewing 

• Swedish Research council (2007 - 2010) chairman of Molecular Cell 
Biology evaluation committee at VR NT-K 

• Swedish Research council (2003 - 2006), member of Molecular Cell 
Biology evaluation committee, 2006 provisional chariman of 
Molecular Cell Biology evaluation committee at VR NT-K. 

• Wellcome trust, Finnish Academy of Sciences, Inflammatory Bowel 
disease (2000-) grant reviews 

Academic expertise: 

• Faculty opponent at thesis defense Lisa Rogers Wellcome trust 
Matrix biology, Manchester UK, 2007-10-05; Alexander Nystrom 
2007-12-16, Dept. of Cell and Molecular biology, Medical faculty, 
Lund University; Lachmi Jenndahl 2005-04-22, Medical 
Biochemistry, Sahlgrenska Akademien, Gothenburg University; 
Anders Olin 2003-06-1 1 at Dept. of Cell and Molecular biology, Lund 
University; Michael Stigson 1996-1 1-01 at Inst. f. Miljo och 
Utvecklingsbiologi, Uppsala University. 

• Member of thesis committees since 1995-2003 at least 5/year at 
Uppsala university (Medical/ Natural Science faculties), Karolinska 
institute, and Lund University. 

Recent conferences: 

Invited session leader Collagen Gordon conference, Colby 
Sawyer academy, New Hampshire, USA , July 23-28, 2007 

Invited session leader, Swedish-Finnish connective tissue 
society, Lund, April 13-14, 2007 

Invited speaker to Scandinavian Physiology meeting 
Reykjavik, Iceland August 2006 

Invited workshop chairman FECTS meeting in Oulu, Finland, 
June 2006 

Invited Keynote speaker at connective tissue meeting in 
Munster, Germany Oct. 2005 

Editorial boards /Referee for journals: 

• Editorial board member Matrix Biology since 2006 
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• Alliance for Cellular Signaling/Nature (2004 - present) Associate 
editor on integrins (http://www.signaling-gateway.org/). 

• Ad hoc referee for Cancer Res., Cell & Tissue Res. J. Cell Biol., 
Dev. Dyn., Exp. Cell Res., Eur. J. Cell Biol., Eur. J. Biochem., J, Biol 
Chem., J. Cell Sci. , Mol. Med. 1993 - 2002 invited by journal editor 
as a regular contributor to Trends in Cell Biology M Headline"section 

Tasks at UiB 

Instituttr&dsleder Institutt f. Biomedisin , UiB, 2006-2009 

Patents: Patent application (-99), "use of al 1 integrin" patent application 

initiated by Active Biotech, Lund, currently with Cartela AB, Lund. 
Patent application (-02), Cartela AB, "use of itgalO and itgal 1 
knockout mice". 2006 partner on patent application with Ming Tsao, 
"all as a stroma marker in lung cancer"; 

Publications last 5 years 

1. Zhu, C.-Q., S. Popova, E.R.S. Brown, D. Barsyte-Lovejoy, R. Navab, W. Shih, M. Li, I. 
Jurisica, L. Penn, D. Gullberg, and M.S. Tsao. 2007. Integrin alphal 1 regulates insulin-like 
growth factor (IGF)-2 expression in fibroblasts and tumorigenicity of human non-small cell 
lung cancer cells. Proceedings National Academy of Sciences USA 104: 1 1 754- 1 1 759 

2. Popova, S., Barczyk, M., Tiger, C, Beertsen, W.,Zigrino 5 P., Aszodi, A., Miosge, N., 
Forsberg, E. and Gullberg, D. (2007). al 1 p 1 integrin-dependent regulation of periodontal 
ligament function in the erupting mouse incisor. Mol Cell Biol 27:4306-4316 

3. Zhang, Z.G., I. Bothe, F. Hirche, M. Zweers, D. Gullberg, G. Pfitzer, T. Krieg, B. 
Eckes, and M. Aumailley. (2006). Interactions of primary fibroblasts and keratinocytes 
with extracellular matrix proteins: contribution ofa2pi integrin. J Cell Sci. 119:1886-95 

4. Zhou, Y.W., D.B. Thomason, D. Gullberg, and H.W. Jarrett. (2006). Binding of laminin 
alphal -chain LG4-5 domain to alpha-dystroglycan causes tyrosine phosphorylation of 
syntrophin to initiate Racl signaling. Biochemistry 45:2042-2052 

5. Bystrom, B., I. Virtanen, P. Rousselle, D. Gullberg, and F. Pedrosa-Domellof. (2006). 
Distribution of laminins in the developing human eye. Invest Ophthalmol Vis Sci. 47:777- 
85. 

6. Lu, N., R. Heuchel, M. Barczyk, W.M. Zhang, and D. Gullberg. (2006). Tandem 
Spl/Sp3 sites together with an Ets-1 site cooperate to mediate alphal 1 integrin chain 
expression in mesenchymal cells. Matrix BioL 25:1 18-29. 

7. Mirtti, T., C. Nylund, J. Lehtonen, H. Hiekkanen, L. Nissinen, M. Kallajoki, K. Alanen, 
D. Gullberg, and J. Heino. (2006). Regulation of prostate cell collagen receptors by 
malignant transformation. Int J Cancer. 118:889-98. 
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8. Popova, S Rodriguez-Sanchez, B.,Liden. A., Betsholtz, C, van den Bos, T., Gullberg, 
D. (2004) The mesenchymal all pi integrin attenuates PDGF-BB stimulated chemotaxis 
of embryonic fibroblasts on collagens. Dev. Biol. 270, 427-442 

9. Zhang, W.-M., Kapylas, J., Puranen, J.S., Farndale, R., Tiger, C.-F., Pentikainen, O.T., 
Johnson, M.S., Heino, J., and Gullberg, D. (2003) ctl 1 p 1 integrin recognizes the 
GFOGER sequence in interstitial collagens, J. Biol Chem., 278, 7270-7278 

10. Zhang, W.-M., Bergman,C. , Veiling, T., Kusche-Gullberg, M., and Gullberg, D. 
(2002) Analysis of the human integrin al 1 gene (ITGA1 1) and its promoter. Matrix. Biol. 
21,513-523 

11. Tiger, C. F., Fougerousse, F., Grundstrom, G., Veiling, T., and Gullberg, D. (2001) 
al ipi integrin is a receptor for interstitial collagens involved in cell migration and 
collagen reorganization on mesenchymal nonmuscle cells Dev Biol 231, 1 16-129. 

Reveiw articles 

12. Gullberg, D (2007) Neuronal pathways leading to the kidney. Matrix biology 26, 407- 
408 

13. Popov □' S., Lundgren-Akerlund, E., Wiig, H., and Gullberg, D. (2007) 

□ □□□□□□□□□□□□□□□□□□□□□□□ □□□□□□□□□□□□□toDD.^cta 
Physiologica in 190:179-187 


14. Gullberg, D. (2003) Cell biology: the molecules that make muscle Nature 424, 138- 
140. 

15. Gullberg, D. (2002) Yet another liaison between two cell adhesion families 
Trends Biochem. Sci 27, 602. 

16. Gullberg, D. (2002) Importance of ECM remodeling clarified Trends Cell Biol. 12, 
110. 

17. Gullberg, D. E., and Lundgren-Akerlund, E. (2002) Collagen-binding I domain 
integrins-what do they do? Prog Histochem Cytochem 37, 3-54 


Book chapters and books 

18. Gullberg, D, Popova, S.N., and Tiger C-F (2003) Structure and function of al 1 pi integrin. 
In "I domains in integrins" (Ed. Gullberg, D), Medical Intelligence Unit of Bioscience Publishers, 
LANDES Bioscience, Austin, Texas, pp 67-81 

Manuscripts 
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The expression pattern of the laminin-binding a7j31 integrin is developmentally regu- 
lated in skeletal, cardiac, and smooth muscle. The XI /X2 alternative splicing in the 
extracellular domain of a7 is found in the variable region between conserved a-chain 
homology repeat domains HI and IV, a site implicated in ligand binding. To assess 
differences in XI /X2 isoform activity, we generated MCF-7 cell lines transfected with 
a7-Xl/X2 cDNAs. Transfectants expressing the a7-X2 variant adhered rapidly to laminin 
1, whereas those expressing oc7-Xl failed to attach. That a7-Xl exists in an inactive state 
was established in assays using an activating j31 antibody that induced Xl-dependent cell 
adhesion and spreading. Furthermore, the activation of a7-Xl was cell type specific, and 
when expressed in HT1080 cells, the integrin was converted into a fully functional 
receptor capable of promoting adhesion. Thus, the expression of the a7-Xl/X2 integrin 
is a novel mechanism that regulates receptor affinity states in a cell-specific context and 
may modulate integrin-dependent events during muscle development and repair. 


INTRODUCTION 

Integrins are members of a large family of cell surface 
receptors that mediate adhesive interactions with ex- 
tracellular matrix macromolecules (Hynes, 1992). 
Numerous studies have indicated that integrins are 
dynamically regulated, existing in a relatively non- 
functional state in which they are incompetent to bind 
ligand or in a fully active ligand bound form (Dia- 
mond and Springer, 1994; Humphries, 1996; Mould, 
1996). Frequently, the ligand-binding regions of inte- 
grin subunits are cryptic and only become exposed 
when the subunit has been activated. A number of 
factors, originating from outside the cell or from the 
cell interior, can shift the inactive extracellular confor- 
mation of the integrin to an active one. For example, 
antibodies that stimulate integrin function have been 
shown to bind the extracellular domain of the )31 
subunit (Takada and Puzon, 1993; Diamond and 
Springer, 1994; Humphries, 1996; Mould, 1996). These 

t Corresponding author: Departments of Stomatology and Anat- 
omy, University of California at San Francisco, Box 0512, San 
Francisco, CA 94143-0512. 


activating antibodies bind numerous epitopes, located 
primarily in the N-terminal region and cysteine-rich 
region of the 01 subunit, that either induce or stabilize 
the integrin complex in an active conformation that is 
competent to bind ligand (Arroyo et al, 1992; Takada 
and Puzon, 1993; Bazzoni et al, 1995). It is also well 
established that divalent cations can alter integrin- 
ligand interactions. For example, Mn 2+ and Mg 2 * can 
promote ligand binding, whereas Ca 2+ acts as an in- 
hibitor for a number of the integrin complexes 
(Humphries, 1996; Sanchez-Mateos et al, 1996). Be- 
cause integrin ligand recognition sites lie at or near the 
divalent cation binding regions, it has been proposed 
that divalent cations can directly induce a conforma- 
tional change that exposes the ligand binding sites 
(Mould, 1996). 

In contrast to external factors such as cations and 
stimulating antibodies, other effectors can activate in- 
tegrin subunits intraceilularly. For example, phorbol 
esters, by simulating the protein kinase C pathway, 
can increase the adhesiveness of several cell types 
through specific integrins (Shimizu et al f 1990; Dia- 
mond and Springer, 1994). Finally, activation of cer- 
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tain integrins is dependent on cell-type-specific regu- 
lation (Chan and Hemler, 1993) that may be due to 
posttranslational modifications, variations in the se- 
quences of the a or 0 subunits, and/or the activation 
of different signal transduction molecules (Chan and 
Hemler, 1993; Hughes et al, 1997). 

Additional complexity of integrin regulation is ex- 
emplified by that fact that integrin subunits can be 
alternatively spliced. This alternative splicing has 
been shown to occur not only in a number of mam- 
malian at and j3 subunits but also in Drosophila integrin 
receptors (Brown et al, 1989; van Kuppevelt et al, 
1989; Suzuki and Naitoh, 1990; Cooper et al, 1991; 
Hogervorst et al, 1991; Tamura, et al, 1991; Languino 
and Ruoslahti, 1992; Collo et al, 1993; Song et al, 1993; 
Ziober et al, 1993; Djaffar et al, 1994; Delwel et al, 
1995; Meredith et al, 1995; Zhidkova et al, 1995; Belkin 
et al, 1996). Such splicing, which generally takes place 
in the cytoplasmic and the extracellular domains, can 
give rise to a number of subunit isoforms with diverse 
functional properties (Grinblat et al, 1994; Fornaro et 
al, 1995; Meredith et al, 1995; Tennenbaum et al, 1995; 
van der Flier et al, 1995; Belkin, et al, 1996; Roote and 
Zusman, 1996). 

A laminin-binding integrin complex designated 
Gf7/31 has recently been identified and shown to be 
expressed in skeletal, cardiac, and smooth muscle 
(Kramer et al, 1991; Song et al 1992; Collo et al, 1993; 
Ziober et al, 1993; Yao et al, 1997). Investigating the 
function of this receptor has been complicated by the 
number of alternatively spliced isoforms of the a7 
subunit (Song et al 1992; Collo et al, 1993; Ziober et al, 
1993). In the cytoplasmic domain, two isoforms, A and 
B, are expressed in a developmentally specific manner 
in skeletal muscle. Although an a7C variant has been 
reported in rat myoblasts, its role in development is 
unknown (Song et al, 1993). Alternative splicing, in 
the extracellular domain of this subunit, also produces 
two muscle-specific developmentally regulated iso- 
forms, designated XI and X2 (Ziober, et al, 1993). This 
extracellular alternative splicing occurs in the variable 
region between the III and IV homology repeat do- 
mains near the putative ligand-binding site, where it 
may define ligand specificity, affinity, or even ligand 
binding competence (Ziober et al, 1993; Irie et al, 1995; 
Kamata et al, 1995; Mould, 1996). In this study we 
transfected a7-Xl and a7-X2 into MCF-7 cells to char- 
acterize the function of each isoform. a7-X2 bound 
laminin readily, but a7-Xl bound only when activated 
by the )31 -activating monoclonal antibody (mAb) 1 
152/16, indicating that alternative splicing regulates 
a7/31 ligand binding competence. Furthermore, we 

1 Abbreviations used: mAb, monoclonal antibody; OPG, octyl 
0-D-glycopyranoside. 


show that activation of this isoform is regulated in a 
cell-specific manner. 

MATERIALS AND METHODS 

Cell Culture and Materials 

The human breast carcinoma cell line MCF-7 was obtained from the 
American Type Culture Collection and maintained in DMEM H-16 
with 10% fetal bovine serum. The human fibrosarcoma cell line 
HT1080 was obtained from American Type Culture Collection and 
maintained in DMEM plus 10% fetal bovine serum. Human plasma 
fibronectin was purchased from Collaborative Biomedical Products 
(Bedford, MA). Laminin 1 and the laminin E8 fragment were puri- 
fied from mouse Engelbreth-Holm-Swarm tumor as described pre- 
viously (Kramer et al, 1991; Kramer, 1994), Human laminin 5 was 
kindly provided by Dr. Robert Burgeson (Cutaneous Biology Re- 
search Center, Boston, MA). Human type I collagen was obtained 
from Collagen Biomaterials (Palo Alto, CA). 

Antibodies against integrin subunits included the rat anti-human 
|31 mAb A2B2 and the rat anti-human c6 mAb B2G2, kindly pro- 
vided by Dr. Caroline Damsky (University of California, San Fran- 
cisco, CA); mouse anti-human al mAb VMl, kindly provided by 
Dr. Vera Morhenn (SRI International, Menlo Park, CA); the 01- 
activating antibody TS2/16, kindly provided by Dr. Martin Hemler 
(Harvard Medical School, Boston, MA), and LM230, an anti-human 
av mAb, kindly provided by Dr. Dean Sheppard (San Francisco 
General Hospital, San Francisco, CA). Anti-human a3 mAb P1B5 
was purchased from Life Technologies (Gaithersburg, MD); rat 
anti-human a6 mAb GoH3 was purchased from AMAC (West- 
brook, ME). The rabbit polyclonal antibody 1211 was prepared in 
this laboratory against peptide sequences specific to the a7B cyto- 
plasmic region (CTIQRSNWGNSQWEGSDAH; Yao et al, 1996b). 
Rat anti-mouse al mAbs CAS, CY4, and CY8 were generated in this 
laboratory as described previously (Yao et al, 1996a). Goat anti- 
rabbit IgG conjugated to horseradish peroxidase (HRP) and ECL kit 
were purchased from Amersham (Arlington Heights, IL). 

Transfection 

The construction of a7-X2B cDNA has been described (Yao et al, 
1996b). Primers (5' primer, 5 ' -CTCG AC AGG A AGTGG ACC AG-3 ' ; 
3' primer, 5'-TGATCCCAAACATGGAATCAG-3') that flank the 
XI /X2 splice site were used to amplify a 430-bp fragment from 
C2C12 myoblast mRNA by using reverse transcription-coupled 
polymerase chain reaction (PCR) and Vent polymerase (with proof- 
reading activity, New England Biolabs, Beverly, MA). This fragment 
was digested with Espl and Apal and ligated into the corresponding 
sites of the a7B cDNA. Positive clones containing the XI insert were 
identified by PCR using primers specific for XI and repeat region IV 
(5' primer, 5 ' -GCC AGGGTGG AGCTCTG-3 ' ; 3' primer, 5'-CTATC- 
CTTGCGC AG A ATG AC-3 ' ) . The XI PCR inserts were confirmed by 
double-stranded DNA sequencing. 

Transfection of MCF-7 cells was performed by the calcium phos- 
phate precipitation method (Mammalian Transfection kit, Strat- 
agene, La Jolla, CA). MCF-7 cells at 30% confluency were transfected 
with 25-30 u.g of DNA/10-cm plate. Cells were selected in growth 
medium containing 500 Mg/rnl G418. Individual clones or cell lines 
were isolated by using cloning rings or by fluorescence-activated 
cell sorting (FACS). Expression of a7 in positive clones was verified 
by Western blot analysis using polyclonal antibody 1211 (Yao et al, 
1996b). 

Western Blot 

Transfected cell lines and parental cells were solubilized with SDS- 
solubilization buffer (50 mM Tris, pH 7.5, 0.5% Triton X-100, 1 mM 
MgCl 2 , 2 mM phenylmethylsulfonyl fluoride [PMSF], and 1 mM 
N-ethylmaleimide). Equal amounts of protein were separated by 


1724 


Molecular Biology of the Cell 


Splicing Regulates a7 Integrin Activation 


SDS-PAGE on 7.5% gels under nonreducing conditions, transferred 
to a polyvinylidene difluoride membrane (Millipore, Bedford, MA), 
and then incubated with a7 polyclonal antibody 1211 followed by 
goat anti-rabbit IgG-HRP. Migration of the a7 subunit was deter- 
mined by using an enhanced chemiluminescence (ECL) detection 
system (Amersham). 

Flow Cytometry 

After detachment with 2 mM EDTA, single-cell suspensions of 10 6 
cells /ml were incubated with optimal concentrations of primary 
antibodies in wash buffer (2% normal goat serum in phosphate- 
buffered saline [PBS]) for 1 h on ice. Cells were washed three times 
and incubated with secondary fluorescein-labeled antibodies for 30 
min on ice. After washing three times again, the cells were stained 
with propidium iodide (1 ng/ml) to identify nonviable cells. How 
cytometry was performed on a FACScan flow cytometer (Becton 
Dickinson). Control samples consisted of cells with or without 
secondary antibody binding. Nonviable cells stained with pro- 
pidium iodide were eliminated from the analysis. FACS-isolated 
cell lines were sorted two or three separate times. 

Immunoprecipitation of Surf ace Biotin-labeled Cells 

Cells were washed twice with PBS and then labeled with sulfosuc- 
cirdnudyl-6(biotinamide)-hexanoate (NHS-LC)-biotin (Pierce, Rock- 
ford, IL), at 1 mg/ml, in PBS at 4°C for 90 min. To stop labeling, cells 
were washed twice with 50 mM glycine blocking buffer followed by 
a 10-min incubation in same buffer. Cells were lysed in PBS with 0.1 
M Tris, pH 7.5, 2% Nonidet P-40, 2 mM PMSF, and 1 mM N- 
ethylmaleimide and then precleared with protein A beads. Cell 
lysates were mixed by rotation with primary antibody and protein 
A beads for >3 h. Beads were washed with 50 mM Tris, pH 7.4, 150 
mM NaCl, 1 mM MgCl 2 , 0.5% Nonidet P-40, and 0.1% bovine serum 
albumin (BSA) three times and heated at 100°C in SDS sample buffer 
for 5 min. The samples were reduced with 2-mercaptoethanol, sep- 
arated by SDS-PAGE on 7.5% gels, and detected by streptavidin- 
HRP and ECL. 

Cell Adhesion Assay 

Microtiter plates (96- well Immulon plates, Dynatech, Chantilly, VA) 
were coated with matrix proteins or antibodies at the indicated 
concentrations in PBS for 1 h at 37°C in a humidified atmosphere. 
Plates were washed with PBS and incubated with medium contain- 
ing 0.1% BSA for 60 min in a C0 2 incubator to block nonspecific 
adhesion. Single-cell suspensions were prepared in DMEM contain- 
ing 0.1% BSA at 4 x 10 s cells/ml, added in triplicate to 96-well 
plates, and then incubated for 30-60 min at 37°C Nonadherent cells 
were removed by shaking on a titer-plate shaker (Lab- Line Instru- 
ments, Melrose Park, IL) and washed with PBS. Cells were fixed 
with 1% formaldehyde, stained with 1% crystal violet, and solubi- 
lized in 2% SDS; absorbance was then read at 562 run. Cells bound 
to collagen (10 ng/ml) on a separate plate were used to represent 
100% attachment. Background cell adhesion to 1% BSA-coated wells 
was subtracted from all readings. The effect of specific blocking 
antibodies was tested by preincubating the cells with the indicated 
dilutions of purified antibodies on ice for 30 min prior to the assay. 

Laminin-Sepharose Affinity Chromatography 

Binding of the al integrin on laminin E8 was performed as detailed 
by Kramer (1994). The E8 fragment of laminin 1 was coupled to 
CNBr-activated Sepharose to yield 0.5-1.0 mg/ml of packed gel. 
Cells were washed twice with PBS and then labeled with NHS-LC- 
biotin as described above. Labeled cells were then extracted with 
buffer containing 200 mM octyl 0-D-glycopyranoside (OPG), in 50 
mM Tris-HCl, pH 7.4, 1 mM MnSO*, and 1 mM PMSF for 30-60 min 
at 4°C The cell lysate was centrifuged first at 2000 x g to remove 
nuclei and then at 20,000 x g. One milliliter of supernatant was 
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Figure 1. Structure of the a7 subunit Diagram shows the relative 
positions of the identified splice sites in the extracellular domain (XI 
and X2) and cytoplasmic domain (A/B/C). The seven homology 
repeat domains (I- VII solid boxes), the divalent cation-binding sites 
(open slots), the putative ligand-binding site (dotted line, residues 
140-350), and the transmembrane domain (TM) are indicated. 


mixed slowly by inversion with —300 /il of packed E8-Sepharose 
overnight. After application of the cell extracts, the column was 
carefully washed with three to five column volumes of OPG buffer. 
Finally, the bound a701 complex was eluted with 10 mM EDTA 
followed by stabilization with excess Mg 2 "". Fractions containing 
eluted integrin subunits were subjected to immunoprecipitation 
with the appropriate antibodies, separated in an SDS-PAGE gel 
under reduced and nonr educed conditions, and detected by ECL. 


RESULTS 

Generation of a7-X2- and a7-X2-expres$ing Cell 
Lines 

We previously reported that the a? integrin subunit is 
a lamirun-binding integrin that is alternatively spliced 
in the extracellular domain, producing two isoforms, 
designated XI and X2 (Ziober et al, 1993). This alter- 
native splicing occurs in the variable region between 
the III and IV homology repeat domains near the 
putative ligand-binding site (Ziober et al, 1993; Irie et 
al, 1995; Kamata et al, 1995; Figure 1), which could 
define ligand specificity, affinity, or integrin activation 
state. To explore for functional differences between the 
alternatively spliced extracellular isoforms of a7, we 
constructed expression vectors for a7-Xl and a7-X2. 
The cDNAs were then stably transfected into human 
MCF-7 carcinoma cells, which normally adhere poorly 
to laminin (Yao et al, 1996b). 

After selection with G418, several a7-Xl- and a7-X2- 
expressing cell lines were isolated either by FACS 
sorting or by cloning rings. Two a7-Xl -expressing cell 
lines, Xl-A and X1-S3, and two a7-X2 cell lines, X2-A 
and XI- 6, were analyzed further. FACS analysis, us- 
ing the anti-a7 CY-8 mAb, verified that all cell lines 
expressed equivalent levels of the integrin (Table 1). In 
addition, Western blotting confirmed that all a7-Xl 
and a7-X2 MCF-7 cell lines expressed similar levels of 
the a7 subunit, whereas the parental MCF-7 cells were 
negative for the receptor (Figure 2A). Interestingly, 
a7-Xl displayed a slight decrease in gel mobility when 
compared with that of a7-X2. Molecular mass calcu- 
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Figure 2. Expression of XI and X2 transfectants in MCF-7 cells. 
MCF-7 cells were transfected with pRc/CMV-a7-Xl and pRc/CMV- 
a7-X2. (A) Equal quantities of cellular lysates from parental MCF-7 
(lane 1), X2-6 (lane 2), X2-A (lane 3), Xl-A (lane 4), and X1-S3 (lane 5) 
cells were processed for SDS-PAGE in a 7.5% polyacrylamide gel. After 
transfer, the nitrocellulose membrane was probed with anti-a7 (1211) 
antiserum and the position of the a7 subunit was determined by using 
ECL (B) Surface-biotinylated parental MCF-7 cells (lane 1) and XI 
(Xl-A, lane 2) and X2 (X2-A, lane 3) transfectants were immunopre- 
cipitated with anti-a7 polyclonal antibody 1211. Immunopredpitates 
were separated by SDS-PAGE on 7.5% gels under reducing conditions 
to resolve the a? subunit from comi grating 01 and transferred to 
nitrocellulose membranes. When reduced, the a7 subunit separates 
into its heavy and light chains (Yao et al., 1996b). The heavy a7 chain is 
not strongly biotinyUted (Yao et al, 1996b). Proteins were visualized by 
incubation with streptavidin-HRP and then detected by ECL. The 
positions of the a7 and 01 sub units are indicated. 

lations indicated that this size difference cannot be due 
to the four additional amino acids encoded by exon XI 
as compared with exon X2 (Ziober et al, 1993). This 
variation in electrophoretic mobility reflects an -3300- 
kDa change in molecular mass between a7-Xl and 
a7-X2, suggesting that there is a conformational dif- 
ference between the two isoforms. When samples 
were subjected to SDS-PAGE under reducing condi- 
tions, no differences in electrophoretic motility were 
detected, suggesting that the two a7-Xl and a7-X2 
isoforms exist in two conformations that depend on 
intact disulfide bonds (our unpublished observations). 
Finally, immunoprecipitation of cell-surface-biotinyl- 
ated cells verified that both isoforms were expressed 
at the cell surface and paired with the 01 integrin 
subunit (Figure 2B). 


Table 1. Flow cytometry expression levels of a7-Xl and a7-X2 in 

MCF-7 cells 



Peak area 6 


(arbitrary 

Cell line 

units) 

Xl-A 

64.6 ± 7.2 

X1-S3 

65.2 ± 1.2 

X2-A 

65.8 ± 3.7 

X2-6 

68.9 ± 2.4 

8 Average ±SD of three experiments. 


Differential Adhesion of a7-Xl and a7-X2 to 
Laminin 

We compared the ligand binding and specificity of the 
a7-Xl and a7-X2 isoforms by testing the transfectants in 
standard adhesion assays using different concentrations 
of laminin 1 and other ligands. We have shown previ- 
ously that parental MCF-7 cells express endogenous, 
potential laininin 1 receptors that are functionally inac- 
tive (Yao et al, 1996b). On lairunin 1, a7-X2 transfectants 
attached with high efficiency; adhesion was dependent 
on the ligand coating concentration (Figure 3A). In pre- 
vious studies we have shown by using a7-blocking 
mAbs, that this binding to laininin 1 is specific for <x7- 
X2^expressing MCF-7 cells (Yao et al., 1996b). In contrast, 
the a7-Xl cell lines, like the parental MCF-7 cells, ad- 
hered poorly, even at the highest ligand concentrations. 
When laminin 1 was replaced with purified laminin 5, 
both XI and X2 isoforms failed to bind (our unpublished 
observations). 

The lack of adhesion of the a7-Xl cell lines to lami- 
nin 1 suggested that the transfectants might have a 
general defect in their ability to adhere. To evaluate 
this possibility, we tested the capacity of the XI trans- 
fectants to bind collagen I. Both XI and X2 cell lines 
and parental MCF-7 cells showed similar binding to 
collagen I, and as expected, antibodies to the al col- 
lagen receptor completely blocked this adhesion (Fig- 
ure 3B). Binding to collagen IV showed similar results 
(our unpublished results). 

We also evaluated whether a7-Xl or a7-X2 could 
bind fibronectin, because it was reported that the a? 
subunit binds to this ligand (Gu et al, 1994). However, 
both XI and X2 transfectants bound equally to fi- 
bronectin (Figure 4). Blocking antibodies to a5 and av 
dramatically decreased the ability of the XI and X2 
clones to bind fibronectin, and the combination of a5 
and av blocking antibodies totally inhibited binding 
to fibronectin for all three cell lines. The parental 
MCF-7 cells adhered to fibronectin with somewhat 
higher efficiency than the a7 transfectants, which pre- 
sumably reflects an a7-induced decrease in the fi- 
bronectin receptor expression. We have shown a sim- 
ilar down-regulation of a3)31 receptor expression in 
MCF-7 cells transfected with a7 (Yao et al, 1996b). 
Thus, these results show that neither the XI nor the X2 
isoform of the a7 subunit can function as a fibronectin 
receptor, but cells transfected with either isoform can 
bind collagen I and IV, indicating that the XI -trans- 
fected cells do not have a defect in adherence even 
though XI does not bind laminin 1. 

a7-Xl Integrin Competency for Adhesion and 
Spreading 

The failure of the XI isoform to bind laminin sug- 
gested that this a7 isoform may be functionally defec- 
tive. To test for this possibility, we artificially cross- 
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Ligand (ug/ml) 

Figure 3. a7-Xl cell lines fail to bind laminin 1. (A) Dose-response curves of cell adhesion to laminin 1. Parental MCF-7, a7-Xl, and a7-X2 
cells (2 x 10* cells /well) were tested for adhesion to increasing concentrations of laminin 1 as described in MATERIALS AND METHODS. 
a7-X2 clones showed a dose-dependent adhesion to increasing concentrations of laminin 1. a7-Xl and parental cells bound poorly to laminin 
at all concentrations. (B) Adhesion of parental MCF-7, a7-Xl, and a7-X2 cells to collagen I. Parental MCF-7, XI, and X2 cells (2 x 10 4 
cells /well) were added to coUagen-I-coated plates (5 /ig/ml). Anti-ot2 mAb (VM1) was preincubated with cells at 10 /ig/ml. Cells bound to 
collagen type I (at 100 ug/ml) were used to indicate 100% adhesion. Adherence of cells in 1% BSA-coated wells was treated as background 
binding and subtracted. Data are presented as percentages of the total cells added to each well. (A and B) Values are the mean of triplicate 
wells; bars indicate the SD. 


linked the a7-Xl receptor by using an anti-a7 mAb 
capture assay. In this assay, mAbs directed against 
the extracellular domain of the al subunit were 
immobilized on culture dishes (see MATERIALS 
AND METHODS). Transfectants expressing either 
a7 isoform were allowed to bind the immobilized 
mAbs. Both a7-Xl and a7-X2 cell lines attached with 
equal efficiency to the bound anti-a7 mAb (Figure 
5 A); when anti-01 mAb was used, both transfectants 
attached somewhat more efficiently (our unpub- 
lished results). Importantly, both XI and X2 trans- 
fectants were induced to spread within 60 min on 
the immobilized mAbs (Figure 5, B and C). These 
results show that both X2 and XI, when cross-linked 
by anti-a7 mAbs, induce an adhering and spreading 
response typical of functional integrins that requires 
assembly of the cytoskeleton. In addition, this sug- 
gests that although the a7-Xl integrin is unable to 
engage laminin, it can still function normally in 
postligand-binding events. 

Solubilized a7-Xl Integrin Fails to Bind Ligand 

To determine whether laininin binding by the two 
isoforms is regulated by their cellular environment, 


transfectants were processed for ligand affinity chro- 
matography. Receptors were solubilized in detergent 
and applied to E8-larninin-Sepharose. The presence of 
ac7 in the unbound flow-through fractions and EDTA- 
eluted fractions was assessed by irrununoprecipitation 
with an a7 mAb. Nearly all of the a7-X2 bound to the 
E8-Sepharose column and was eluted with EDTA (Fig- 
ure 6). In contrast, all of the a7-Xl was found in the 
flow-through and was not detected in the EDTA- 
eluted fractions (Figure 6). Such a result is consistent 
with the XI isoform being functionally unable to en- 
gage its ligand even when freed from potential cellular 
regulatory elements. 

The a7-Xl Isoform Can Exist in a Ligand-binding 
Incompetent State 

The antibody-capture adhesion assay indicated that 
the a7-Xl isoform can function as a bridge between 
the cytoskeleton and the extracellular matrix. How- 
ever, it fails to explain why this isoform is deficient in 
binding its ligand. It is well known that many inte- 
grins can alternate between activated and inactive 
states (reviewed in Hemler et al, 1994; Humphries, 
1996; Mould, 1996). This reversible transition to the 
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Figure 4. Adhesion of parental MCF-7, a7-Xl, and o7-X2 cells to 
hbronectin. Parental MCF-7, XI, and X2 cells (2 x 10 4 cells/well) 
were added to hbronectin coated plates (10 jxg/ml) as described 
under MATERIALS AND METHODS. Anti-a5 mAb (P1D6) and 
anti-orv mAb (LM230) were preincubated with cells at 10 /xg/ml. 
Cell adhesion was determined as detailed in Figure 3. 

active state is associated with enhanced ligand-bind- 
ing affinity and is believed to depend on conforma- 
tional changes that can be influenced by several fac- 
tors including stimulatory or activating anti-integrin 
antibodies and divalent cations (Humphries, 1996). To 


test for the possibility that the inability of a7-Xl to 
bind ligand is a result of the receptor's activation state, 
we performed adhesion assays to laminin 1 in the 
presence or absence of £1 activating antibodies. Ad- 
dition of the activating anti-/31 mAb TS2/16 substan- 
tially increased the adhesion to laminin 1 for a7-Xl, 
a7-X2, and parental MCF-7 cell lines (Figure 7). The 
most dramatic increase occurred in the a7-Xl clone, 
which went from minimal adhesion in the absence of 
activating antibody to nearly the same level as the 
a7-X2 cell line in the presence of mAb TS2/16. 

To identify the integrin complexes responsible for 
a7-Xl's increased adhesion, we repeated the adhesion 
assays with TS2/16 and a combination of integrin- 
blocking antibodies. A mixture of blocking antibodies 
to integrin subunits a2, a3, and a6 completely inhib- 
ited TS2/16-activated MCF-7 parental cells from bind- 
ing to laminin 1 (Figure 7). In contrast, these same 
blocking antibodies only slightly reduced the TS2/16- 
activated a7-Xl and a7-X2 cell adhesion to laminin, 
suggesting that this adhesion was mediated by the a7 
subunit. When blocking antibodies to a7 were added 
to the anti-a2, -a3, and -a6 mAb mixture, adhesion to 
laminin 1 was completely inhibited for the a7-Xl and 
a7-X2 cell lines (Figure 7). Similar results were seen 
when TS2/16 was replaced with the 8A2 activating 
mAb but not with 9EG7 or 15/7 mAbs (our unpub- 
lished results). Results again were similar when these 
experiments were repeated with the laminin E8 frag- 
ment, which contains the a7 binding site (our unpub- 
lished results). Interestingly, TS2/16-activated a7-X2 
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Figure 5. a7-Xl expressing cells adhere and spread on anti-a7. (A) Microtiter plates (96-well) were coated with anti-a7 mAb at 15 /ig/ ml 
in PBS. Plates were washed with PBS and incubated with DMEM containing 0.1% BSA to block nonspecific adhesion. Single cell suspensions 
were prepared in DMEM with 0.1% BSA; 2 x 10* cells were added to each well in triplicate in 96-well plates and incubated for 60 min at 37°C. 
Adherence of cells in 1% BSA-coated wells was treated as background binding and subtracted. Data are presented as relative adhesion based 
on optical density (OD) units. Values are the mean of triplicate wells; bars indicate the SD. Both a7-Xl (B) and a7-X2 (C) cells have attached 
and spread on immobilized anti-a7 mAbs. After 1 h cells were fixed with 1% formaldehyde and stained with 1% crystal violet. 
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Figure 6. Detergent-solubilized a7-X2 is able to bind immobilized 
E8 fragment of laminin 1, Cell-surface biotin-labeled a7-Xl- and 
a7-X2-transfected MCF-7 cells were lysed in OPG and processed for 
ligand affinity chromatography on laminin ES-Sepharose columns. 
The unbound flow-through material was collected, and after exten- 
sive washing of the column, bound integrin was eluted with EDTA 
(see MATERIALS AND METHODS). The material present in the 
crude flow-through fraction (lane 1) and the first two fractions 
eluted with EDTA (lanes 2 and 3) were processed for immunopre- 
cipitation with anti-a7 antibody (1211) and analyzed by SDS-PAGE 
under nonreduced (top) or reduced conditions (bottom). The posi- 
tions of the a7 and 01 subunits are indicated. Note that the ot7 
subunit separates into its heavy and light chains after reduction 
(Yao et ah, 1996b). 


cells in the presence of anti-a2, -a3, and -a6 adhered at 
nearly the same level as the untreated a7-X2 transfec- 
tants. Thus, these results clearly demonstrate that the 
failure of the a7-Xl isoform to bind laminin 1 is linked 
to the activation state of the subunit, which in turn is 
regulated by the swapping of X2 and XI inserts. 

Mn 2+ Fails to Activate a7-Xl Adhesion 

Ligand binding by integrins is dependent on divalent 

cations (Sanchez-Mateos et ah, 1996). Work by a num- 
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Control TS2/16 TS2/16 TS2/16 
+ + 
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Figure 7. Stimulation of cr7-Xl laminin binding activity by mAb 
TS2/16. (A) Parental MCF-7, XI, and X2 cells (2 x 10 4 cells) were 
added to larrunin 1 -coated wells (15 fig/ml) as described under 
MATERIALS AND METHODS. Where indicated, cells were prein- 
cubated with TS2/16 (1.5 /xg/ml) and combinations of blocking 
antibodies a2 (VM1), a3 (P1B5), a6 (GoH3), and al (CY8), aU at 10 
jig/ ml. Cell adhesion was determined as detailed in Figure 3. 


ber of investigators has shown that Mn 2+ , and to a 
lesser extent Nig 2 "*", can enhance ligand binding by 
switching the integrin to an activated state via a mech- 
anism believed to be similar to that produced by ac- 
tivating 01 antibodies (Humphries, 1996; Mould, 
1996). When Mn 2+ replaced Ca^/Mg 2 * as the diva- 
lent cation in adhesion assays, the parental, XI, and X2 
cell lines all displayed an increase in adhesion to lami- 
nin (Figure 8). However, the Mn 2+ -induced increase in 
adhesion seen for XI was inhibited by a mixture of 
blocking antibodies to integrins or2, a3, and a6, indi- 
cating that a7-Xl is resistant to Mn 2+ -induced activa- 
tion. As with the TS2/16-treated cells, Mn 2+ had only 
a slight stimulating effect on laminin 1 binding for 
a7-X2, suggesting that the X2 isoform is already fully 
activated. These results are consistent with those of 
the E8-Sepharose chromatography assays, which used 
detergent-solubilized a7 receptor in the presence of 
Mn 2+ . 


Regulation of a7-Xl Ligand Competency Is Cell 
Type Specific 

It is now appreciated that individual integrins can 
display altered levels of activation depending on the 
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Figure 8. a7-Xl is not cation dependent for laminin 1 adhesion. 
Parental MCF-7, XI, and X2 cells (2 X 10 4 cells) were added to 
laminin 1 -coated plates (15 u.g/ml) as described under MATERIALS 
AND METHODS. Where indicated, cells were preincubated with 
Mn 2+ (0.1 mM) and combinations of blocking antibodies al (VM1), 
a3 (P1B5), a6 (GoH3), and al (CY8), as in Figure 7. Cell adhesion 
was determined as detailed in Figure 3. 

cell type (Gehlsen et al, 1989; Chan and Hemler, 1993). 
When we expressed the a7-Xl or a7-X2 variant inte- 
grins in MCF-7 cells, the two receptors showed differ- 
ential binding activity for laminin 1. MCF-7 cells ap- 
pear to be in the class of host cells that confer a poor 
level of integrin activation, as indicated by the fact that 
endogenously expressed al and a6 as well as a7-Xl 
integrins in MCF-7 cells are not capable of binding 
laminin 1, yet can be fully activated by mAb TS2/16 
(Figure 7; Yao et al, 1996b). For an activation-permis- 
sive cell, we chose the HT1080 human fibrosarcoma 
cells. This cell line expresses a fully functional a6/31 
integrin, and adhesion to laminin 1 can be blocked by 
mAb to a6 (GoH3; Lin et al, 1993; Matter and Laurie, 
1994). For analysis of the cell-type-dependent activa- 
tion of al, HT1080 cells were transfected with the 
a7-Xl or a7-X2 isoform, and high-expressing sub- 
populations of each transfectant were enriched for al 
by flow cytometry after an initial selection with G418. 
Both the XI- and X2-transfected cell lines as well as the 
parent HT1080 cells showed strong adhesion to lami- 
nin (Figure 9). However, after treatment with antibod- 
ies to a6, the binding of the parental cells was greatly 
reduced and was completely inhibited in the presence 
of mAbs to al, a3, and or6. Although the XI and X2 
transfectants also showed partial blocking of adhesion 
to laminin in the presence of this mixture of mAbs, 



Control a6 a2,a3,a6 a2,a3,a6,a7 


Figure 9. Adhesion of HT1080 parental and HT1080 a7-Xl and 
a7-X2 cell lines to laminin 1. Parental HT1080 cells were transfected 
with a7-Xl and a7-X2 as described in MATERIALS AND METH- 
ODS. HT1080, HT1080X1, and HT1080X2 cell lines (2 x 10 4 cells) 
were added to laminin 1-coated plates (15 fig/ ml) as described 
under MATERIALS AND METHODS. Where indicated, cells were 
preincubated with combinations of blocking antibodies al (VM1), 
a3 (P1B5), a6 (GoH3), and al (CY8), as in Figure 7. Cell adhesion 
was determined as detailed in Figure 3. 


substantial binding was still evident, but this binding 
was abolished when al mAb was included. This indi- 
cates that in contrast to a7-Xl expression in MCF-7 
cells, the integrin's expression in HT1080 cells leads to 
activation levels that are nearly equivalent to those of 
the a7-X2 variant. 


DISCUSSION 

In this study we investigated possible functional dif- 
ferences between XI and X2, two variants of the al 
integrin subunit that are generated by alternative 
mRNA splicing in the extracellular domain of the 
receptor. Our findings show that the alternatively 
spliced XI sequence modifies the activation state of 
the integrin. Whereas the a7-X2 isoform is constitu- 
tively active in both cell types, the XI variant is inac- 
tive in MCF-7 cells and fully active in HT1080 cells. 
This is the first example of cell-type regulation of 
integrin function that is controlled by alternative splic- 
ing in the extracellular subunit domain. 

Several a integrin subunits can be alternatively 
spliced in the extracellular domain between the III and 
IV N-terminal repeat domains, a region critically im- 
portant for ligand binding (Ziober et al, 1993; Irie et al, 
1995; Kamata et al, 1995; Mould, 1996). Alternative 
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splicing in Drosophila integrin aPS2 has been shown to 
alter the binding efficiency of the receptor to the RGD- 
dependent ligands fibronectin and vitronectin (Brown 
et al, 1989; Zavortink et al, 1993; Roote and Zusman, 
1996). The a6 subunit is also alternatively spliced; 
however, unlike a7, alternative splicing in a6 results 
in either exon XI or a combination of both exons XI 
and X2 being spliced in. In contrast to a7, the XI and 
X1X2 isoforms of a6 showed no difference in ligand 
affinity, specificity, or integrin activation. Further- 
more, a6-XlX2 is found as a rare mRNA and is prob- 
ably not physiologically relevant, whereas expression 
of die ot6-X2 isoform has not been detected (Delwel et 
al, 1995). Loss of a6-X2 expression probably reflects 
an evolutionary change in the primordial a7-like gene 
that is believed to have given rise to a6. It has been 
suggested that the a3 subunit is also alternatively 
spliced extracellularly, but the XI isoform for this 
subunit has yet to be described (Ziober et al, 1993). In 
contrast to a6, both a7 alternatively spliced isoforms 
XI and X2 are expressed (Ziober et al, 1993; Wang et 
al, 1995). More importantly, this alternative splicing, 
as shown herein, regulates the a7 receptor's ability to 
bind ligand. 

Since a7-Xl lacks detectable laminin 1 binding ac- 
tivity, we postulated that the a7-Xl variant is ex- 
pressed in an inactive but presumably reversible con- 
formation, an event that can occur in other integrins. 
Furthermore, it is now appreciated that individual 
integrins can display altered levels of activation that 
are dependent on cell-type specificity (Hemler et al, 
1994). When we expressed the a7-Xl or a7-X2 variant 
integrins in MCF-7 cells, they showed differential 
binding activity for laminin 1 (Figure 3A). Endog- 
enously expressed a2 and a6 integrins are not capable 
of binding laminin 1, indicating that MCF-7 cells ap- 
pear to be a class of host cells that confers a poor level 
of integrin activation (Yao et al, 1996b). These two 
integrins also behave similarly when transfected into 
the nonpermissive K562 cells (Chan and Hemler, 1993; 
Delwel et al, 1993, 1995; Kawaguchi and Hemler, 
1993). In contrast, the a3 subunit (the X2 form), when 
transfected into K562 cells, is constitutively active for 
binding laminin 5, as is endogenous a3 in MCF-7 cells 
(Weitzman et al, 1993; Delwel et al, 1994). This indi- 
cates that the a3 integrin is constitutively active even 
in cells such as K562 and MCF-7. Thus we consider the 
a3 integrin to be similar to a7-X2 with regard to its 
activation state and its sequence homology at the 
in/IV variable region. In contrast, we suggest that the 
normally expressed form of cr6, the a6-Xl homologue, 
is cell type specific for activation because of its high 
homology to a7-Xl. HT1080 human fibrosarcoma cells 
appear to be an Xl-activation-permissive cell line be- 
cause they express constitutively activated a601. 
Thus, o7-Xl and a7-X2, when transfected into HT1080 
cells, were both active, indicating that activation of the 


XI isoform, either for a6 or a7, depends on cell-type 
specificity (Figure 9). 

The functional state of an integrin complex is depen- 
dent on the conformation of its extracellular domain. 
A number of factors have been shown to modulate the 
activity of this extracellular conformation (Hum- 
phries, 1996; Mould, 1996). For example, integrins are 
sensitive to divalent cation occupancy, and it is well 
established that cations can regulate integrin activity 
(Humphries, 1996). In particular, low concentrations 
of Mn 2+ have been shown to induce a high ligand 
affinity state in integrins (Schwartz et al, 1995). In our 
studies with the MCF-7 transfectants, Mn 2+ was able 
to activate only the a2 and a3 integrins and not the 
a7-Xl isoform. However, Mn 2+ did not appear to 
elevate X2 activity, suggesting that Ca 2+ /Mg 2+ are 
sufficient for a fully functional or7. This suggests that 
insertion of the XI exon appears to alter the confor- 
mation of the subunit (which probably accounts for 
the ~3300-kDa molecular mass change in XI as com- 
pared with X2, Figure 2). Such a conformational 
change may possibly affect cation binding. Similar 
studies with a2 showed that cations could not convert 
the VLA-2 form-O or form-C into a more active form 
but activating antibodies could (Chan and Hemler, 
1993). 

In general, activating antibodies appear to increase 
the ligand binding competency of integrin molecules. 
We have shown in this study that the XI isoform is 
competent to bind laminin 1 only when activated by 
mAbs TS2/16 or 8A2 (Figure 7; our unpublished re- 
sults). TS2/16 and 8A2 bind to the same epitope and 
activate the 01 integrin subunit by altering its confor- 
mation (Faull et al, 1993; Humphries, 1996). In con- 
trast, 9EG7 was not able to induce an active confor- 
mation in the XI isoform (our unpublished results). 
This antibody recognizes an epitope, distinct from that 
of TS2/16 and 8A2, that is present when )31 is acti- 
vated by Mn 2+ (Bazzoni et al, 1995; Humphries, 1996). 
9EG7 is believed not to define an activation epitope 
but a ligand-induced binding site that can be induced 
by cations like Mn 2+ (Bazzoni et al, 1995). Perhaps the 
failure of 9EG7 to activate the a7-Xl isoform is also 
due to this isoform's inability to be activated by Mn 2+ . 
Antibody 15/7 also failed to activate a7-Xl; it too is 
considered a Mn 2+ -inducible anti-/31 antibody (Picker 
et al, 1993; Puzon-McLaughlin et al, 1996). These re- 
sults and the failure of XI to bind laminin 1 in the 
presence of Mn 2+ support the notion that the XI seg- 
ment is able to alter the conformation of the subunit 
and inhibit cation binding and ligand adherence. 

Comparison of the XI and X2 alternative splice do- 
mains indicates a completely divergent amino acid 
sequence (Ziober et al, 1993). Recent observations 
have indicated that critical residues for ligand-binding 
activity are clustered in a predicted 0-turn of the C- 
terminal portion of the third repeat domain of inte- 
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Figure 10. Amino acid sequence and secondary structure of the a7-Xl and X2 alternatively spliced domains. The amino acid sequences for 
XI and X2 domains were analyzed by using the MacVector program. 0-sheet conformations are boxed and 0-tum or random coil regions are 
indicated. Both XI and X2 have extensive 0-sheet structures; however, XI has a long random coil motif absent in the X2 that could act as a 
hinge. 


grins a4, a5, and arllb (Irie et al, 1995; Kamata et al, 
1995). This site (GAPGTYNWKG) is conserved in all 
a-chains, including al, and is immediately proximal 
to the al XI /X2 domains. This points to the possibility 
that the region defined by XI /X2, which directly bor- 
ders the third repeat domain, may be important in 
regulating integrin activation. The 3- turn at this site 
has been predicted by using several secondary s true- 
hire prediction methods and from the alignment of the 
seven repeat domains from 16 different integrin se- 
quences (Tuckwell et al, 1994). Comparison of the 
a7-Xl and a7-X2 sequences shows a significant struc- 
tural difference in the C-terminal half of the variable 
region (Figure 10). Although the X2 region seems to 
consist of multiple 0-sheet structures that apparently 
align with /3-sheet segments in the adjacent IV repeat 
domain, the XI region contains a random coil struc- 
ture of at least 10 residues that begin in the C-terminal 
half of this variable region. This coil motif in XI may 
provide a "hinge-like" structure that may control con- 
formational changes in this putative ligand-binding 
region of the al subunit (Figure 10). Such regulation 
may ultimately affect ligand-binding competency by 
turning on or off the subunit's ability to bind to diva- 
lent cations. Finally, as shown in this report, this ap- 
parent hinge-like structure can be modulated by 01- 
activating antibodies such as TS2/16. 

How is the activation level of the al variants regu- 
lated? The observation that 01 activation mAbs can 
convert the al-Xl isoform to the "on" state suggests 
that ligand-binding activity can be controlled by alter- 
ations in the partner subunit conformation. Affinity 
modulation by inside-out signaling via transmem- 
brane conformational transitions has been observed 
previously (reviewed in Schwartz et al, 1995). Since 
the al subunit expression is limited to a few highly 
differentiated tissues and the expression of the X1/X2 
isoforms is developmentally regulated, it is possible 
that the functionality of this integrin needs to be con- 
trolled in a tissue-specific manner. Previous work has 
shown that a701 is expressed during myoblast differ- 
entiation and at the myotendinous and neuromuscu- 
lar junctions in adult skeletal muscle (Song et al, 1992; 
Ziober et al, 1993; Martin et al, 1996). Both isoforms 
are expressed in myoblasts, but only X2 is detectable 


in mature muscle, implying that the constitutively 
active form of the receptor is present at permanent 
myotendinous junctions and neuromuscular sites 
(Song et al, 1992; Ziober et al, 1993; Crawley et al, 
1996; Martin et al, 1996). We propose that the regulat- 
able XI isoform is important during dynamic adhe- 
sion situations related to muscle development (motil- 
ity, fusion, remodeling, repair, and matrix assembly) 
and that the X2 variant performs more stable adhesion 
functions (costamers and myotendinous junctions). 
The function of the two isoforms in skeletal myoblast/ 
myotube adhesion is currently under investigation. 
Finally, the ras/raf/MAPK signaling pathway has 
lately been implicated in regulating the integrin affin- 
ity state (Hughes et al, 1997). Whether this pathway 
plays an "inside-out" role in regulating the XI isoform 
or even in cell-specific activation of this isoform re- 
mains to be determined. 
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The inte grins are a large family of heterodimeric 
cell-surface glycoproteins that play key roles in the 
adherence of cells to other cells and to extracellular 
matrix proteins. We have previously reported the iden- 
tification of a novel integrin /? subunit partial cDNA 
from leukocytes. We have now determined the com- 
plete sequence of this subunit, designated as /? 7 , from 
overlapping clones obtained from a PEER T leukemia 
cell library and a peripheral T cell library. The ft 
cDNA contains a single large open reading frame pre- 
dicted to encode a 798- amino acid protein precursor 
(signal peptide plus mature protein). The ft protein, 
like the other {$ subunit proteins, is predicted to contain 
a large extracellular portion, a transmembrane do- 
main, and a cytoplasmic tail. The deduced ft amino 
acid sequence is 32-46% identical to the six previously 
sequenced human integrin 0 subunits. ft is most similar 
to the leukocyte integrin common subunit (ft, CD 18). 
Analysis of variant ft cDNA clones and reverse tran- 
scription-polymerase chain reaction products suggest 
that alternatively spliced ft mRNAs can be generated 
by the removal of exons that encode most of the cys- 
teine-rich region of the extracellular portion of ft. By 
Northern blot analysis, ft mRNA was detected in T 
and B cell lines and in macrophage- like cell lines, but 
not in any of the nonleukocyte cell lines tested. Periph- 
eral T cells and some lymphoma lines express little 0? 
mRNA before stimulation; but after stimulation with 
phorbol ester, ft mRNA levels increased markedly. 
Integrin ft is expected to play a role in adhesive inter- 
actions of leukocytes. 


Integrins are a family of heterodimeric cell-surface glyco- 
proteins that mediate adhesion of cells to other cells and to 
extracellular matrix (1). Leukocytes express a variety of in- 
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tegrins that are crucial participants in the inflammatory and 
immune responses. Patients deficient in the leukocyte inte- 
grins LFA-1 Mac-1 (a M ft), and pl50,95 <a x ft) are 
unable to mount a normal inflammatory response because 
leukocytes fail to extravasate and enter tissues at sites of 
infection or injury (2). Activation of T cells results in expres- 
sion of a variety of integrins at the cell surface, and the 
integrins LFA-1 and VLA-4 (a 4 ft) each play a role in lym- 
phocyte-lymphocyte and lymphocyte-target cell interactions 
(3, 4). In addition, the integrin LPAM-1 («.,ft) functions as 
a lymphocyte homing receptor (5, 6). 

All integrins are composed of one a subunit and one £ 
subunit that are translated separately and are noncovalently 
associated. The cDNA sequences of six mammalian ft sub- 
units, ft -ft, have been reported previously (7-16). The ft 
subunit (CD 18) is expressed only on leukocytes; other 0 
subunits, for example ft, are expressed on leukocytes and on 
many other cell types. There are striking overall structural 
similarities among these six 0 subunits. In some short regions, 
there is almost complete conservation of amino acid sequence 
between different /? subunits. We previously described a 
method for the amplification of known and novel integrin 
cDNAs using the polymerase chain reaction (PCR) 1 and oli- 
gonucleotide primers that recognize highly conserved integrin 
sequences (16, 17). As previously reported, we used this ho- 
mology PCR technique to amplify cDNA made from two 
human lymphocyte lines (MoLT-4 and Raji) and identified a 
292-nucleotide novel cDNA (17). The novel cDNA is predicted 
to encode a 97-amino acid fragment of an integrin £ subunit, 
designated ft, that is 40-61% identical to the corresponding 
fragments of the six previously sequenced 0 subunits. We 
amplified similar partial cDNAs that presumably encode the 
mouse and rabbit homologs of ft from mouse lymphocyte and 
macrophage -like lines (WR 2.3 and P388D1) and from rabbit 
leukocytes obtained by bronchoalveolar lavage (>90% mac- 
rophages). In this report, we present the complete sequence 
of human integrin ft and evidence for alternative splicing of 
ft mRNA, and we demonstrate that integrin ft mRNA is 
expressed by a variety of leukocyte lines. 

MATERIALS AND METHODS 

Library Screening — A 292-nucleotide partial cDNA previously ob- 
tained from Raji cells by homology PCR (17) was used as a template 
for the random-primed synthesis of '-'P-labeled probe (Multiprime 
DNA labeling system, Amersham Corp.). This probe was used to 
screen a cDNA library made from the T leukemia cell line PEER 
(18) and a second cDNA library made from unstimulated peripheral 


1 The abbreviations used are: PCR, polymerase chain reaction; 
PMA, phorbol 12-myristate 13-acetate; RT-PCR, reverse transcrip- 
tion-polymerase chain reaction; SDS, sodium dodecyl sulfate; 
HEPES, 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid; bp, 
base pair(s); EB V\ Epstein-Barr virus. 
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T lymphocytes obtained from a normal volunteer. Both libraries were 
constructed in the Agt- 10 vector and were generously provided to us 
by Dr. D. Littman (University of California, San Francisco). In the 
first round, -5 x 10* clones from each library were screened. Seven 
hybridizing clones from the PEER library (designated P1-P7) and 
five from the peripheral T cell library (T1-T5) were obtained. Clones 
P2, T2, and T3 were plaque-purified and subcloned into the 
pBluescript plasmid (Stratagene) for sequencing. To obtain additional 
clones that extended further toward the 5 '-end of the complete cDNA, 
a 248-nucleotide fragment from the 5 '-end of clone T3 was made 
using PCR and was used as a template for synthesis of a second 
probe. The second probe was used to rescreen the remaining clones 
from the first round; clones P7, Tl, and T4 were again positive. The 
second probe was also used to screen ~5 X lO* additional PEER cell 
cDNA clones, and two additional clones (P8 and P9) were obtained. 
These clones were all plaque-purified and subcloned into pBluescript 
for sequencing. 

DNA Sequencing — The sequence reported here was determined 
from all eight independent cDNA clones obtained from library screen- 
ing plus two independent cDNA clones previously obtained from 
MoLT-4 and Raji cells by homology PCR (17). After subcloning into 
pBluescript, the 5'- and 3 '-ends of the clones were sequenced using 
T7 and T3 oligonucleotide primers, T7 DNA polymerase (Promega 
Biotec), and the Sequenase reagent kit (United States Biochemical 
Corp.). Fragments obtained by Xhol, Apal, or Sad digestion of 
selected clones were cloned into pBluescript for internal sequencing. 
Additional internal sequence was obtained from the Exo/Mung dele- 
tion system (Stratagene) and with 10 internal sequencing primers 
(see Fig. 1). The sequence of the GC-rich region beginning at nucleo- 
tide 341 and ending at nucleotide 370 could not be determined 
unambiguously with T7 DNA polymerase and the standard dGTP- 
containing sequencing reagent mixture. Both DNA strands were 
sequenced with Taq polymerase (TaqTrack, Promega Biotec) and 
with T7 DNA polymerase plus a deoxyinosine triphosphate-contain- 
ing sequencing reagent mixture (United States Biochemical Corp.) to 
confirm the sequence in this region. 92% of the cDNA sequence and 
100% of the sequence of the predicted open reading frame were 
obtained from both strands of DNA. 99% of the cDNA sequence and 
100% of the sequence of the predicted open reading frame were 
obtained from two or more independent clones (see Fig. 1). 

Cell Culture— Mouse cell lines studied were WR 2.3 T lymphoma 
cells ( 19) and P388D1 macrophage-like cells (ATCC CCL 46). Human 
leukocyte lines employed were HuT 78 T cells (ATCC TIB 161), Raji 
Burkitt lymphoma cells (ATCC CCL 86), EBV-B6.1 EBV-trans- 
formed peripheral B cells (kind gift of Dr. S. Abrignani, Ciba/Geigy, 
Basel), and U-937 histiocytic lymphoma cells (ATCC CRL 1593). 
Peripheral T cells were purified from fresh buffy coat preparations 
(Irwin Memorial Blood Bank) by density gradient centrifugation 
(Histopaque-1077, Sigma) and nylon wool filtration (20). All cells 
were maintained in RPMI 1640 medium supplemented with 10% fetal 
or neonatal calf serum. For stimulation experiments, cells were cul- 
tured in supplemented medium alone, in supplemented medium plus 
phorbol 12-rayristate 13-acetate (PMA) (25 ng/ml, Calbiochem), in 
supplemented medium plus ionomycin (250 ng/ml, Calbiochem), and/ 
or in supplemented medium plus both PMA and ionomycin. Cells 
were harvested after 1-3 days for RNA purification. 

RNA Preparation — Total cellular RNA was obtained by the LiCl/ 
urea method as follows. Cells were lysed and homogenized in 3 M 
LiCl, 6 M urea. After incubation for 16 h at 4 °C, lysates were 
centrifuged at 14,000 rpm for 30-60 min. The pellet was resuspended 
in HES buffer (10 mM HEPES, 1 mM EDTA, 1% SDS). After 
sequential phenol and chloroform extractions, RNA was precipitated 
with sodium acetate and ethanol and resuspended in RNase-free 
water. RNA concentration and purity were assessed by measurements 
of absorbance at 260 and 280 nm. PoIy(A)* RNA, used only for 
Northern blot analysis of mouse cell lines, was purified by oligo(dT)- 
cellulose affinity chromatography (21). 

Reverse Transcription- Polymerase Chain Reaction (RT-PCR) Am- 
plification offc mRNA— Single-stranded cDNA was synthesized from 
total RNA (~7-8 fig/20- n\ reaction) using modified Moloney murine 
leukemia virus reverse transcriptase (SuperScript, GIBCO/Bethesda 
Research Laboratories). Control reactions, identical except for the 
omission of reverse transcriptase, were performed simultaneously. 
Oligonucleotide primers used for amplifications were P1079F (con- 
taining the sequence of nucleotides 1079-1098 of 0 7 ), P1289F (nucle- 
otides 1289-1308), P2216R (reverse complement of nucleotides 2196- 
2216), and P2400R (reverse complement of nucleotides 2381-2400). 
Sequential (nested) amplifications were performed. An initial ampli- 


fication (30 cycles) with P1079F and P2400R was followed by a 
second amplification (20 cycles) with P1289F and P2216R. Template 
for the initial amplification was 2 ^1 of cDNA/50-jd reaction. One /4 
of the initial amplification product/ 100-^1 reaction was used as tem- 
plate for the second amplification. Amplifications were performed in 
1 x Taq buffer (Promega Biotec) with 100 jim each dATP, dCTP, 
dGTP, and dTTP, a 1 pmol/^1 concentration of each primer, and 
0.025 united Taq DNA polymerase (Promega Biotec). Amplification 
was performed in a thermal cycler (Ericomp) as follows: 4 min at 
95 *C; 20 or 30 cycles of 45 s at 95 'C, 1 min at 57 e C, and 1 min at 
72 *C; and then 10 min at 72 *C. Amplification products were analyzed 
by agarose gel electrophoresis and ethidium bromide staining. 

Northern Blot Analysis— UNA was electrophoresed through form- 
aldehyde-agarose gels and transferred to nylon membranes (Hybond- 
N, Amersham Corp). Radiolabeled probe was made using the random 
primer method. Probes used for analyzing mouse cell RNA were 
synthesized from a 292 -nucleotide mouse 0 7 partial cDNA (17), 
whereas human 07 probes were synthesized using a 1905- nucleotide 
fragment of clone P2 (nucleotides 857-2761). Filters were hybridized 
in 5 X SSC (0.75 M NaCl, 75 mM sodium citrate, pH 7.0), 40% 
formamide, 20 mM Tris, pH 7.5, 5 x Denhardt's solution (0.1% Ficoll, 
0.1% polyvinylpyrrolidone, and 0.1% bovine serum albumin), and 
10% dextran sulfate at 50 °C for -16 h and washed in 0.5-2 x SSC 
and 0.1% SDS at 50 *C for 30-60 min. After washing, filters were 
exposed to film at —70 °C with an intensifying screen. 

RESULTS 

Cbning and Sequencing of Novel Integrin 0 Subunit cDNA 
from Two Human Lymphocyte Libraries— We used a novel 
partial cDNA obtained from Raji cells by homology PCR (17) 
to screen two human T lymphocyte cDNA libraries, one made 
from the PEER cell line and one from peripheral T cells. In 
two rounds of screening, we purified and sequenced four 
independent hybridizing clones from each library (Fig. 1). 

We determined the 2 767 -nucleotide cDNA sequence shown 

0 59O 1000 1500 2000 2500 ^ 767 bp 
Apal 

Xhol Apa I N Sac I 

■= ' , ^ > ' - , . » poly A 

MoLT-4 * 

Rajl 

P7 = — ~ 

PS=^ZZ — 

P9 — 

Tl — > [ ^ J^ ? ^- _ 

T4= ., — 

Fig. 1. Overlapping clones used for sequence analysis. A 

schematic representation of the 0 7 cDNA appears immediately below 
the scale. The 5'- and 3 '-untranslated' regions are shown as solid bars; 
the 2394 -nucleotide open reading frame is shown as an open bar. 
Recognition sites for Xhol, Apal, and SacI restriction endonucleases 
(used to generate fragments for internal sequencing) are shown. 
Arrowheads represent oligonucleotide primers used to obtain internal 
sequence. Clones labeled MoLT-4 and Raji were obtained from lym- 
phoma cell cDNA using homology PCR, as reported previously (17). 
A probe made using the Raji clone was used to screen two cDNA 
libraries, and clones P2 (from the PEER cell library) and clones T2 
and T3 (from the peripheral T cell library) were obtained. Clones 
P7-P9 (PEER) and clones Tl and T4 (peripheral T cell) were 
obtained using a probe derived from the 5' -end of clone T3. The 
direction and extent of sequencing of each clone are shown by arrows. 
Clones T2 and T3 had additional sequence, shown as thick bars, not 
present in other clones. Clones T1-T3 are missing portions of the 
sequence that are present in other clones, as shown. 


Integrin fa cDNA Sequence 


11011 


in Fig. 2 from these eight overlapping clones plus the partial 
cDNAs previously obtained by PCR. The sequence contains 
a single large open reading frame predicted to encode a 798- 
amino acid protein precursor. We obtained the sequence of 
113 nucleotides of the 5 '-untranslated region and 260 nucle- 
otides of the 3 '-untranslated region. A standard polyadenyl- 
ation signal (AATAAA) is present near the end of the 3'- 
untranslated region, just before the poly(dA) tail. 

We have designated the protein encoded by this novel 
cDNA as integrin fa because of the similarity of this protein 
to the six previously sequenced mammalian integrin 0 sub- 
units. The fa deduced amino acid sequence is shown in Fig. 2 
and is compared with other 0 subunit sequences in Fig. 3. fa 
is 46% identical to fa, 43% identical to fa, 38% identical to fa 
and fa, and 37% identical to fa. If the unique large cytoplasmic 
portion of fa is excluded from the analysis, fa is 32% identical 
to fa The general domain structure of fa also appears to be 
quite similar to the structure of the other j8 subunits. Like 
other integrin & subunits, fa contains a single putative trans- 
membrane domain (see Fig. 3). By analogy with other (3 
subunits, the 48 amino acid residues on the carboxyl-terminal 


end of fa are predicted to compose the cytoplasmic domain. 
Overall, the fa cytoplasmic domain is similar to the cyto- 
plasmic domains of other 0 subunits. However, fa does contain 
a unique five-amino acid carboxyl-terminal extension that 
distinguishes it from even its closest relatives, fa and fa. 

The amino-terminal 726 amino acid residues are predicted 
to make up the signal peptide and the extracellular portion of 
fa. As expected, the putative signal peptide contains a short 
stretch of strongly hydrophobic amino acid residues. Cleavage 
of the signal peptide at the predicted site (22) would produce 
a mature fa protein with a unique amino-terminal extension 
of ~20 amino acid residues that is not present in other 0 
subunits (Fig. 3). The region of the extracellular domain 
beginning at residue 151 and extending to residue 286 is 
especially highly conserved; fa is 49-66% identical to the 
previously sequenced /? subunits in this region. There are 
eight potential N-glycosylation sites in the extracellular por- 
tion of fa. If all eight sites are occupied with carbohydrate 
side chains with average M T of 2500, the predicted molecular 
weight of mature fa would be 105,000. There are 56 cysteine 
residues that are conserved in the extracellular portions of 


1 AGCCCAGAGACAAAGTCTGACTTGCCCCACAGCCAGTGAGTGACTGCAGCAGCACCAGAATCTGGTCTGTTTCCTGTTTGGC7CTTCTACCACTACGGCTTCGGATCTCGGGC q 

O 

1 1 4 ATGGTGGCTTTGCCAATGGTCCTTGTTTTGCTGCTGGTCCTGAGCAGAGGTGAGAGTCAATTGGACGCCAAGATCCCATCCACAGGGGATGCCACAGAATGGCGGAATCCTCACCTGTCC «S 

ravalpmvlvlllvlsrgesELDAKIPSTGDATSWRNPHLS 40 =L 

O 

234 ATGCTGGGGTCCTGCCAGCCAGCCCCCTCCTGCCAGAAGTGCATCCT^ £^ 
NLGSCQPAPSCGKCILSHPSCAWCKQLIiFTASGEAEARRC B0 CD 

Q. 

354 GCCCGACGAGAGGAGCTGCTGGCTCGAGGCTGCCCGCTGGAGGAGCTGGAGGAGCCCCGCGGCCAGCAGGAGGTGCTGCAGGACCAGCCGCTCAGCCAGGGCGCCCGCGGAGAGGGTGCC =*. 
ARREELLARGCPLEELEEPRGQQEVLQDQPLSQGARGEGA 12 Q O 

474 ACCCAGCTGGCGCCGCAGCGGGTCCGGGTCACGCTGCGGCCTGGGGAGCCCCAGCAGCTCCAGGTCCGCTTCCTTCGTGCTGAGGGATACCCGGTGGACCTGTACTACCTTATGGACCTG g 
TQLAPQRVRVTLRPGEPQQLQVRFLRAEGYPVDLYYLMDL 160 £ 

594 AGCTACTCCATGAAGGACGACCTGGAA 

SYSMKDD.LERVRQLGHAILVRLQEVTHSVRIGFGSFVDKT 200 ^ 

7 1 4 GTGCTGCCCTTTGTGAKACAGTACCC R 
VLPFVSTVPSKLRHPCPTRLERCQSPFSFHHVLSLTGDAQ 240 


1554 ACCCACCCCCAGGCTCCCCACTGCAGTGATGGCCAGGGACACCTACAATGrGGTGTATGCAGCTGTGCCCCTGGCCGCCTAGGTCGGCTCTGTGAGTGCTCTGTGGCAGAGCTGTCCTCC 
TQPQAPHCSDGQGHLQCGVCSCAPGRLGRLCECSVAELSS 

1674 CCAGACCTCGAATCTGGCTGCCGGGC 

PDLESGCRAPHGTGPLCSGKGHCQCGRCSCSGQSSGHLCE 

17 94 TGTGACGATGCCAGCTGTGAGCGACATGAGGGCATCCTCTGCGGAGGCTTTGGTCGCTGCCAATGTCGAGTATGTCACTGTCATGCCAACCGCACGGGCAGAGCATGCGAATGCAGTGGG 
CDDASCERHEGILCGGFGRCQCGVCHCHAMRTGRACECSG 

1914 GACATGGACAGTTGCATCAGTCCCGAGGGAGGGCT^ 

DMDSCISPEGGLCSGHGRCKCNRCQCLDGYYGAIiCDQCPG 

2034 TGCAAGACACCATGCGAGAGACACCGGGACTGTGCAGAGTGTGGGGCCTTCAGGACTGGCCCACTGGCCACCAACTGCAGTACAGCTTGTGCCCATACCAATGTGACCCTGGCCTTGGCC 
CKTPCERHRDCAECCAFRTGPLATUCSTACAHTMVTLAL A 

2154 CCTATCTTGGATGATGGCTGGTGCAAAGAGCGGACCCTGGACAACCAGCTGTTC^ 

PILDDGWCKERTLDHQLFFFLVEDDARGTVVLRVRPQEKG 

2274 GCAGACCACACGCAGGCCATTGTGCTGGGCTGCGTAGGGGGCATCGTGGCAGTGGGGCTGGGGCTGGTCCTGGCTTACCGGCTCTCGGTGGAAATCTATGACCGCCGGGAATACAGTCGC 
A D H 7 Q A IVLGCVGCIVAVGLGLVLAYRLSV EIYDRREYSR 

2 3 94 TTTGAGAAGGAGGAKAACAACTCAACTG^JAAGCAGGACAGTAATCCTC TGAAGG 
FEKEQQQLNWKQDSNPLYKSAITTT I NPRFQEADSPTL 

2514 AGGGAGGGACACTTACCCAAGG^TCTTCTCCTTGGAGGACAGTGXjGAACTGGAGGG 

2634 CACCCTACTTCATTTTCAGAGTGACACCCAAGAGGGCTGCTTCCCATGK^ 

2754 AAAAAAAAAAAAAA 2767 

FiG. 2. Human integrin 0 7 cDNA sequence and deduced amino acid sequence. The amino acid sequence 
is shown in one-letter code below the first nucleotide of each codon. The putative signal peptide (amino acid 
residues 1-19) is shown in lower-case letters, and the putative transmembrane domain (residues 727-750) by a solid 
underline. Underlined asparagine residues (AO are potential sites for N-glycosylation. Nucleotides 1616-2059 
(dotted overline) are not present in clone Tl. The partial j3 7 clone previously obtained using homology PCR 
(nucleotides 593-884) is indicated by a dashed ouerline. 
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934 GCCTTCGAGCGGGAGGTGGGGCGCCAGAGTGTGTCCGGCAATCTGGACTCGCCTGAAGGTGGCTTCGATGCCATTCTGCAGGCTGCACTCTGCCAGGAGCAGATTGGCTGGAGAAATGTG 

AFEREVGRQSVSGNLDSPEGGFDAIliQAAliCGEQIGWRtfV 280 

954 TCCCGGCTGCTGGTGTTCACTTCAGACGACACATTCCATACAGCTGGGGACGGGAAGTTGGGCGGCATTTTCATGCCCAGTGATGGGCACTGCCACTTGGACAGCAATGGCCTCTACAGT 

SRLLVFTSODTFHTAGDGKLGGIFMPSDGHCHLDSNGLYS 320 

1074 CGCAGCACAGAGTTTGACTACCCTTCTGTCGGTCAGGTAGCCCAGGCCCTCTCTGCAGCAAATATCCAGCCCATCTTTGCTGTCACCAGTGCCGCACTGCCTGTCTACCAGGAGCTGAGT 

RSTEFDYPSVGQVAQALSAANIQPXFAVTSAALPVYQELS 360 

1194 AAACTGATTCCTAAGTCTGCAGTTGGGGAGCTGAGTGAGGACTCCAGCAACG7GGTACAGCTCATCATGGATGCTTATAATAGCCTGTCTTCCACTGTGACCCTTGAACACTCTTCACTC 

KLIPKSAVGELSEDSSNVVQLIHDAYNSLSSTVTliEHSSL 400 g 

1314 CCTCCTGGGGTCCACATTTCT7ACGAATCCCAGTGTGAGGGTCC7GAGAAGAGGGAGGGTAAGGCTGAGGATCGAGGACAGTGCAACCACGTCCGAATCAACCAGACGGTGACTTTCTGG § 
PPGVHISYESQCEGPEKREGKAEDRGQCNHVRIHQTVTFW 440 

1434 GTTTCTCTCCAAGCCACCCACTGCCTCCCAGAGCCCCATCTCCTGAGGCTCCGGGCCCTTGGCTTCTCAGAGGAGCTGATTGTGGAGTTGCACACGCTGTGTGACTGTAATTGCAGTGAC 

VSLQATHCLPEPHLLRLRALGFSEELIVELHTLCDCMCSD 480 


11012 Integrin fa cDNA Sequence 


0, mva 1 pmv Ivlllvlarge 3 ELDAK IPS TGDATE WRNP HLSMLG SCQP AP - -S CQKC I LS HP S CAWCKQLNF TASGEAEARRCARREE L LARGCP LEELE E 98 

Pi mnlqpifwiglissvccvf aqtdENRCLKANAKSCGECIQAGPNCGWCTNSTFFQEGMPTSARCODLEALKKKGCPPDDIEN 82 

P2 »lgln>PllalvgllslgcvlsQECTKFKVSSCRECIESGPGCTWCQKl^TGPGDPDSIRCDTRPQLUlRGCAADDIMD 60 

Pa mrarprprplwvtvlolgalagvgvgGPNICTTRGVSSCQQCLAVSPMCAWCSDEAL PLGSPRCDLKENLLKDNCAPESIEF 82 

P< magprpspwarlllaalisvslsgtlaNRCKKAPVKSCTECVRVDKDCAYCTDEMFRDR RCNTQAELLAAGCQRES I W 79 

Ps roprapaplyaellglcallprlagLNICTSGSATSCEECLLIHPKCAWCSKEDFGSPRSITS-RCDLRANLVKNGCGG-EIES 81 

Pfi mgiellclf f lflgrndaRTRHLCLG-GAETCEDCLLIGPQCAWCAQENFTHPSGVGE-RCDTPANLLAKGCQLNFIEN 77 


P 7 P RGQQ E VLQDQ P LS QGARGEGA TQlAPQRVRVTLRPGEPQQI^VRFUyVEGYPTOLYYI^LSYSMKDDLERVRQI^HALLVRLQE 191 

Pi PRGSKDIKKNKNVTNRSKGTAEKLKPEDIHQIQPQ£LVIJU,RSGEPQTFTLKFKR^ 182 

P 2 PTSLAETQEDHNGGQK QLSPQKVTLYLRPGOAAAFNVTFRiUUKGYPIDLYYUmLSYSMLDDL^^ 166 

P 3 PVSEARVLEDRPLSDKGSGDSS QVTQVSPQRIAIALRPDDSKNFSIQVRQVEDYPVDIYYU4DLSYSMKDDLWSIQNLGTKLATQMRKLTSNLRI 177 

0« MESSFQITEETQIDTTLRR SQMSPQGLRWI«RPGEERHFELEVFEPLESP\^LYI1/1DFSNSMSDDI^NLKKMGQNLARVLSQLTSDYTI 169 

P 5 PAS SFHVLRS LP LS S KG SGS AGW DVIQHTPQEIAVNLRP GDKTTFQLQVRQVEDYPVDLYYLMDLSLSMKDDLDNIRSLGTKLAEEMRKLTSNFRL 177 

P 6 PVSQVEILKNKPLSVGRQKNSS DIVQIAPQSLILKLRPGGAQTLQVHVRQTEDYPVDLYYLMDLSASMDDDLNTIKELGSGLSKEMSKLTSNFRL 172 


07 GFGSFVDKTVLPFVSTVPSK-LRHPCPTRLER — CQSPFSFHHVLSLTGDAQAFEREVGRQSVSGNLDSPEGGFDAILQAALCQEQIGWRN-VSRLLVFT 267 

Pi GFGSFVEKTVMPYISTTPAK-LRNPC-TSEQN — CTTPFSYKNVLSLTNKGEVFNELVGKQRISGNLDSPEGGFDAIMQVAVCGSLIGWRN-VTRLLVFS 277 

02 GFGSFV^KTVLPFVNTHPDK-IJ^NPCP^^CEKE--CQPPFAFRHVXKLTN^ 262 

P 3 GFGAFVDKP VS P YMY I S P PE ALENPC Y DMKTT — C LPMFG YKHVLTLTDQVTRF NEEVKKQSVS RNRDAP EGG FDA I MQATVCDEK I GWRNDAS H L LVFT 275 

04 GFGKFVOKVSVPQTDMRPEK-LKEPWPNSD PPFSFKNVISLTEDVDEFRNKLQGERISGNLDAPEGGFDAILQTAVCTROIGWRPDSTHLLVFS 262 

0 5 GFGSFVDKDISPFSYTAPRY-QTNPCIGYKLFPNCVPSFGFRHLLPLTDRVDSFNEEVRKQRVSRNRDAPEGGFDAVI^AAVCKEKIGWRKDALHLLVFT 27 6 

0 6 GFGSFVEKPVSPFVKTTPEE-IANPCSSIPYF — CLPTFGFKHILPLTNDAERFNEIVKNQKISANIDTPEGGFDAIMQAAVCKEKIGWRNDSLHLLVFV 269 


| 

i 
e 

1 

I 

•s 

1 


IS 


P2 
P 3 
P. 
P 5 
P. 


P, 
P. 

P 5 


SDDTFHTAGDGK— LGGIFMPSDGHCHLDSNGLYSRSTEFDYPSVGQVAQALSAAKIOPIFAVTSAALPVYQELSKLIPKSAVGELSEDSSNWQLIMDA 385 

TDAGFHFAGDGK--LGGIVLPNDGQCHLENNM-YTMSHYYDYPSIAHLVQKLSENNIQTIFAVTEEFQPVYKELKNLIPKSAVGTLSANSSNVIQLIIDA 374 

TDDGFHFAGDGK--LGAILTPNDGRCHLEDNL-YKRSNEFDYPSVGQLAHKLAENNIQPIFAVTSRMVKTYEKLTEIIPKSAVGELSEDSSNWHLIKNA 359 

TDAKTHIALDGR--LAGIVQPNDGC^HVGSDNHYSASTTMDYPSLGLMTEKLSQKNINLIFAVTENVVNLYQNYSELIPGTTVGVLSMDSSNVLQLIVDA 373 

TESAFHYEADGANVLAGIMSRNDERCHLDTTGTYTQYRTQDYPSVPTLVRLU^HNIIPIFAVTNYSYSYYEKLHTYFPVSSLGVLQEDSSNIVELLEEA 362 

TDDVPHIALDGK — LGGLVQPHDGC^HLNEANEYTASNQMDYPSIJVLLGEKIAENNINLIFAVTKNHYMLYKNFTALIPGTTVEILDGDSKNIIQLIINA 374 

SD AD S HFGMDS K — LAG I V IPNDGLCHLD S KNEY SMS TVLE Y P T I GQL I DKLVQNNVLL I FAVTQEQVH L YEN YAKL I PG ATVG L LQKD SGNILQLIISA 367 


YNSLSSTV-TLEHSSLPPGVHISYESQCEGPEKREGKAEORGQCNHVRINQTVTF*fVSIiQATHCLPEPH--LLRLRAIiGFSEELIVELHTLCD-CNCSDT 
YNSLSSEV-ILENGKLSEGVTISYKSYCKNGVNGTG— ENGRKCSNISIGDEVQFEISITSNKCPKKDSD-SFKIRPLGFTEEVEVILQYICE-CECQSE 

YNKLSSRV-FLDHNALPDTLKVTYDSFCSNGVTHRN — QPRGDCDGVQINVPITFQfVKVTATECIQEQ SFVIRALGFTDIVTVQVLPQCE-CRCRDQ 

YGKIRSKV-ELEVRDLPEELSLSFNATCLNNEVIPG LKSCMGLKIGDTVSFSIEAKVRGCPQEKEK-SFTIKPVGFKDSLIVQVTFDCD-CACQAQ 

FNRIRSNLDIRALDSPRGLRTEVTSKMFQKTRTGSF--HIRRGEVGIYQVQLRALEHVDGTHVCQLPEDQKGNIHLKPSFSDGLKMDAGI ICDVCTCELQ 

YNSIRSKV-ELSVWDQPEDLNLFFTATCQDGVSYPG QRKCEGLKIGDTASFEVSLEARSCPSRHTEHVFALRPVGFRDSLEVGVTYNCT-CGCSVG 

YEELRSEV-ELEVLGDTEGLNLSFTAICNNGTLFQH PKKCSHMKVGDTASFSVTVNIPHCERRSR — HIIIKPVGLGDALELLVSPECN-CDCQKE 


Q-PQAPHCSDGQGHLQCGVCSCAPGRLGRLCECSV-AELSSPDLESGCRAPNGTGPLCSGKGHCOCGRCSCS GQ-SSGHLCECDDASCERHEGIL 

GIPESPKCHEGNGTFECGACRCNEGRVGRHCECST-DEVNSEDMDAYCRKENSS-EICSNNGECVCGQCVCRKRDNTNEIYSGKFCECDNFNCDRSNGLI 
S-RDRSLCH-GKGFLECGICRCDTGYIGKNCECQT-QGRSSQELEGSCRKDNNS-IICSGLGDCVCGQCLCHTSDVPGKLIYGQYCECDTINCERYNGQV 
AEPNSHRCNNGNGTFECGVCRCGPGWLGSQCECSEEDYRPSQQDE--CSPREGQ-PVCSQRGECLCGQCVCHSSDF-GKI-TGKYCECDDFSCVRYKGEM 

KEVRSARCS-FNGDFVCGQCVCSEGWSGQTCNCST — GSLSDI — QPC-LREGEDKPCSGRGECQCGHCVCYGE GR-YEGQFCEYDNFQCPRTSGFL 

LEPNSARCN-GSGTYVCGLCECSPGYLGTRCECQD-GENQSVYQN-LCREAEGK-PLCSGRGDCSCNQCSCFESEF-GKIY-GPFCECDNFSCARNKGVL 
VEVNSSKCHHGNGSFQCGVCACHPGHMGPRCECGE-DML-STD SCKEAPDH-PSCSGRGDCYCGQCICHLSPY-GNIY-GPYCQCDNFSCVRHKGLL 


481 
469 
452 
466 
460 
468 
459 


57 3 
567 
548 
561 
550 
562 
551 
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P5 
P6 


CGG — FGRCQCGVCHCHANRTGRACECSGDMDSCISPEGG-LCSGHGRCKCNRCQCL-DGYYGAL-CDQCPGC — KTPCERHRDCAECGAFRTGPL — AT 664 

CGG — NGVCKCRVCECNPNYTGSACDCSLDTSTCEASN-GQICNGRGICECGVCKCTDPKFQGQT-CEMCQTC — LGVCAEHKECVQCRAFNKGEK — KD 659 

CGGPGRGLCFCGKCRCHPGFEGSACQCERTTEGCLNPR-RVECSGRGRCRCNVCECH-SGYQLPL-CQECPGC— PSPCGKYISCAECLKFEKGPF— GK 641 

CSG — HGQCSCGDCLCDSDWTGYYCNCTTRTDTCMSSN-GLLCSGRGKCECGSCVCIQPGSYGDT-CEKCPTC — PDACTFKKECVECKKFDREPYMTEN 655 

CND— RGRCSMGQCVCEPGWTGPSCDCPLSNATCIDSNGG-ICNGRGHCECGRCHCHQQSLYTDTICEINYSAIHPGLCEDLRSCVQCQAWGTGEKK-GR 646 

CSG — HGECHCGECKCHAGYIGDNCNCSTDISTCRGRD-GQICSERGHCLCGQCQCTEPGAFGEM-CEKCPTC — PDACSTKRDCVECPLLHSGKPD-NQ 655 

CGG — NGDCDCGECVCRSGWTGEYCNCTTSTDSCVSED-GVLCSGRGDCVCGKCVCTNPGASGPT-CERCPTC--GDPCNSKRSCIECHLSAAGQA — RE 643 


* * * o o 

07 NCSTACAHTNVTLALAPILDDGW CKERTLDNQ-LFFFLVEDDARG TWLRVRPQE — KGADH TQA I VLGCVGG I VA VGLGLVLA Y RLS V 750 

TCTQECSYFNITKVXSRDKLPQPVQPDPVSHCKEKDW^^ 755 

P 2 NC SAACP G LQL S NNP VKGRT -CKERDSEG-CWAYTLEQQDGMD-RYLIYVDESRECVAGPNIA-AIVGGTVAGIVLIGILLLVIWKALI 727 

03 TCNRYCRDEIESVKELKDTGKDAVN CTYKNEDD-CWRFQY-YEDSSG-KSILYWEEPECPKGPOIL-WLLSVMGAILLIGLAALLIWKLLI 74 5 

04 TC-EECNFKVKMVDELKRAEEVWR CSFRDEDODCTYSYTMEGDGAPGPNSTVLVHKKKDCPPGSF-W-WLIPLLLLLLPLLALLLLLCWKYCA 737 

05 TCHSLCRDEVI TWVDTI VKDDQEAVL CF YKTAKD - CVMMFTY - VELP SG-KSNLTVLREPECGNTPNAM-TI LLAWGS I LLVGLALLAIWKLLV 74 6 

06 ECVDKCKLAGATISEEEDFSKDGSVS CSLQGENE-CLITFLI-TTDNEG-KTIIHSINEKDCPKPPNIP-MIMLGVSLAILLIGWLLCIWKLLV 7 34 


07 EI YDRREYSRFEKEQQQLNWKQDSNPLYKSAITTTINPRFQEADSPTL 7 98 

0! II HDRREFAKFEKEKMNAKWDTGENPI YKSAVTTWNPKYEGK 798 

0 2 HLSDLRE YRRFEKEKLKSQWNND-NPLFKSATTTVMNPKFAES 7 69 

0 3 TI HDRKEFAKFEEERARAKWDTANNPLYKEATSTFTNITYRGT 788 

04 CCKACLALLPCCNRGHMVGFKEDHYKLRENUIASDUUJTPHLRSGNLKGRDVVRWKVTNNMQ + 953 additional amino acids 17 52 

05 TIHDRREFAKFQSERSRARYEMASNPLYRKPISTHTVDFTFNKFNKSYNGTVD 799 

0 6 SFHDRKEVAKFEAERSKAKWQTGTNPLYRGSTSTFKNVTYKHREKQKVDLSTDC 788 


Fig. 3. Alignment of 0 7 deduced amino acid sequence with six previously reported human integrin 
0 subunit sequences. The deduced amino acid sequences of fa and fa- fa (7-16) are shown in one-letter code. 
Signal peptides are shown in lower-case tetters. Signal peptide cleavage sites have been previously determined by 
direct protein sequencing of & x -fa\ the fa and fa cleavage sites were predicted according to von Heijne (22). The 
putative transmembrane domains are indicated by the solid overline. Most of the cytoplasmic portion of fa is 
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192 

I 

THSVRIGFGSFVDK 
183 

TSDFRIGFGSFVEK 


TSNLRIGFGAFVDK 


273 
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263 
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260 
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501 
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490 
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Repeat I CSDGQGHL-QC GVCS-CAP GRLGRI* CE— CSVAELSSPDLESG 

Repeat II CRAPNGTGPLCSGKGHCQ-CGRCSCSGQSSGHL CE — CDDAS 

Repeat III CERHEGIL — CGGFGRCQ-CGVCHCHANRTGRA---CE--CSGDMDS 

Repeat IV CISPEGGL— CSGHGRCK-CNRCQCLDGYYGAL— CDQ-CPG 

Repeat V CKTP CERH RDCAECG — AFRTGPLATNCSTAC 


i 

Alternative CSDGQGHL-QC— GVCRDCAECG— AFRTGPLATNCSTAC 
splice 

Fig. 4. Positions of ft putative splice sites. A t Comparison of five ft putative exon boundaries with known 
0i and ft exon boundaries. Fragments of the deduced amino acid sequences of integrins ft, ft, and ft are shown; 
the alignment and numbering system are derived from Fig. 3. Positions of exon boundaries are indicated by vertical 
lines. Positions of putative exon boundaries of ft were determined from alternatively spliced clones T2-T4 (Fig. 
1). Clones T2 and T3 have putative intron sequences present at positions corresponding to amino acid residues 
192 and 273, respectively. Clones T2 and T3 both have frame-shifting deletions of nucleotides 1840-2059 
(corresponding to amino acid residues 576-649). Clone Tl has an in -frame deletion of 444 nucleotides (nucleotides 
1616-2059) encoding amino acids 501-649. Selected exon boundaries for ft and ft are shown for comparison (23, 
24). B, the typical form of ft is predicted to contain a total of five cysteine-rich repeats in the extracellular domain, 
as do previously sequenced 0 subunits. The three middle repeats are complete repeats containing all 8 cysteine 
residues; the first and fifth repeats are incomplete. Translation of mRNA containing the in -frame deletion 
identified in clone Tl would be predicted to result in a smaller protein containing the first portion of the first 
repeat and the terminal portion of the fifth repeat, joined at the arginine residue (R) indicated by the arrow. Both 
sequences begin at amino acid residue 488. Gaps (indicated by dashes) were introduced to maximize alignment. 
The positions of conserved cysteine residues are indicated by asterisks. 


ft-ft» ft, and ft. All but eight are conserved in ft. In ft, 54 of 
these 56 cysteine residues are conserved. All previously se- 
quenced # subunits have one pair of cysteine residues located 
very near the transmembrane domain; these 2 cysteine resi- 
dues are not present in ft (Fig. 3). 

Alternatively Spliced ft cDNA Clones — Three of the four 
clones isolated from the peripheral T cell cDNA library ap- 
parently represent alternatively spliced mRNAs (Fig. 1). 
Clone Tl has an in -frame deletion of bases 1616-2059; the 
putative exon boundaries deduced from this deletion corre- 
spond to previously reported ft and ft exon boundaries (23, 
24) (Fig. AA ). If mRNA with this deletion were translated, 
the predicted protein product would be a second form of ft 
that is missing 148 amino acid residues that compose most of 
the cysteine-rich region of the extracellular domain (Fig. 4B) 
(see "Discussion"). The predicted molecular weight of this 
form of ft, assuming all six remaining potential glycosylation 
sites are occupied, would be —85,000. 

Clones T2 and T3 each appear to represent incompletely 
processed mRNAs containing residual introns. The position 
of the clone T2 putative intron is analogous to the position 
of an intron found in the integrin ft gene, whereas the position 
of the clone T3 putative intron is analogous to the position 
of introns found in both the ft and ft genes (23, 24) (Fig. 4A). 


The sequences of the 3 '-ends of both putative introns are in 
generally good agreement with the acceptor site consensus 

Q 

sequence, 5 ' -Pyr n XC AG G^-3 ' , where Pyr is a pyrimidine, X 

is A, C, G, or T, and underlined residues are invariant (25). 
The clone T2 putative acceptor site is 5'-TTCCTCTC- 
CTCTCCCAGGT-3', and the clone T3 putative acceptor site 
is 5'-CCCCCACTGTAACTCAGGA-3\ Clones T2 and T3 
also contain identical frame-shifting deletions of 220 bases. 
The 3 '-end (base 2059) of the deleted fragment coincides with 
the 3 '-end of the larger deleted fragment of clone Tl (Fig. 1). 
The 5'-end (base 1840) of the clone T2/clone T3 deletion is 
analogous to exon boundaries in the ft and ft genes. 

Identification of ft Splicing Variants Using RT-PCR— We 
used the RT-PCR technique to detect alternative splicing of 
ft in lymphocytes. Two pairs of ft-specific oligonucleotide 
primers were used for nested amplification of cDNA. Ampli- 
fication of cDNAs that have no deleted exons (for example, 
clone P2) results in a 928-bp product, whereas amplification 
of cDNAs containing the 444-nucleotide deletion (clone Tl) 
results in a 484-bp product (Fig. 5). The 484 -bp cDNA is 
amplified significantly more efficiently than the larger 928- 
bp product (data not shown). RT-PCR of unstimulated pe- 
ripheral T cell RNA resulted in a single cDNA product of 484 


omitted. Sequences are numbered beginning with the methionine residue that begins each signal peptide. Dashes 
indicate gaps introduced to maximize alignment. Cysteine residues that are conserved in ft and ft -ft, ft, and ft 
are indicated by asterisks. The 2 cysteine residues present in all 0 subunits except ft are indicated by open circles. 
Other residues conserved in all 0 subunits are denoted by equal signs. 
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Fig. 5. Analysis of ft splicing variants by RT-PCR. A, sche- 
matic representations of two forms of ft mRNA are shown. The 
typical form (represented, for example, by cDNA clone P2) is larger 
than the alternatively spliced form (represented by clone Tl), which 
has a 444-bp in-frame deletion. After reverse transcription of cellular 
RNA, cDNA was sequentially amplified with nested primer pairs 
(P1079F-P2400R, then P1289F-P2216R) by PCR. Amplification of 
the typical form of ft is predicted to produce a 928-bp cDNA product, 
whereas amplification of the alternatively spliced cDNA is predicted 
to produce a 484 -bp product. B, agarose gel electrophoresis of RT- 
PCR products. Lane M contains 0X-//aeIII digest size markers. As a 
positive control, cloned cDNAs representing the typical form of ft 
(P2) and the alternatively spliced form of ft (Tl) were amplified 
using the P1289F-P2216R primers. Cellular RNAs from unstimulated 
peripheral T cells (1), PMA-stimulated peripheral T cells (2), and 
PMA-stimulated HuT 78 cells (3) were used for RT-PCR. Single- 
stranded cDNA was synthesized using reverse transcriptase (+); 
parallel control reactions were performed without reverse transcrip- 
tase (-). The cDNA was amplified by PCR and visualized on an 
ethidium bromide-stained agarose gel. 


bp (Fig. 5). The 928-bp product was not detected in these 
cells (see "Discussion"). In contrast, RT-PCR of RNA from 
PMA-stimulated peripheral T cells or HuT 78 T lymphoma 
cells yielded both 928- and 484-bp products. Restriction analy- 
sis confirmed that the 928-bp products amplified by RT-PCR 
are authentic typical ft cDNAs and that the 484-bp products 
are authentic alternatively spliced ft cDNAs (data not 
shown). The nature of a third RT-PCR product of even 
smaller size (~270 bp) obtained from PMA-stimulated pe- 
ripheral T cell RNA is unclear. This product could represent 
another ft splicing variant or a PCR artifact. 

Detection of ft mRNA by Northern Bhtting — We used 
Northern blot analysis to study the distribution and regula- 
tion of ft mRNA. ft mRNA was not detected in unstimulated 
peripheral T cells, but ft mRNA of ~3.2 kilobases was easily 
detectable after 3 days of stimulation with PMA plus iono- 
mycin (Fig. 6A). The regulation of ft mRNA was studied in 
more detail using HuT 78 T lymphoma cells (Fig. 6B). These 
cells also have a marked increase in ft mRNA after stimula- 
tion with PMA plus ionomycin. In HuT 78 cells, stimulation 
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FiG. 6. Identification of ft mRNA in leukocytes by North- 
ern blot analysis. Stimulated and unstimulated human and mouse 
leukocytes were probed for fa mRNA. A, analysis of total RNA (25 
pg/lane) obtained from human peripheral T cells immediately after 
purification and after 3 days of incubation with PMA (25 ng/ml) and 
ionomycin (lono) (250 ng/ml). The positions and sizes (in kilobases) 
of RNA markers are indicated. B. analysis of total RNA (25 ^g/lane) 
obtained from unstimulated HuT 78 cells at 0, 1, and 3 days and from 
stimulated cells at 1 and 3 days. Cells were stimulat ed with ionomycin 
alone, with PMA alone, or with both ionomycin and PMA. C, analysis 
of poly (A)* RNA (10 ^g/lane) from unstimulated mouse \VR 2.3 T 
cells and P388D1 macrophage-like cells. D, analysis of total RNA 
from unstimulated EBV-B6.1 cells (30 ^g) and Raji cells (20 ng). E, 
analysis of total RNA (50 /ig/lane) obtained from U-937 cells cultured 
for 2 days in the absence or presence of PMA (25 ng/ml). C-E 
represent shorter gel runs, and these auto radiographs are enlarged 
~2.5 times compared with A and B. Positions of the 2S S and 18 S 
ribosomal RNA bands are indicated for each gel. In PMA stimulation 
experiments (A, B, and E), ethidium bromide staining was used to 
verify that all lanes contained similar amounts of RNA. A human ft 
probe was used with human RNA {A, £, D, and E), and a mouse f? T 
probe was used with mouse RNA (C). 


with PMA alone is sufficient to induce a marked increase in 
ft mRNA, whereas ionomycin alone has no detectable effect. 
The effect of PMA is detectable within 1 day and is substan- 
tially greater by 3 days. 

We also detected ft mRNA in unstimulated mouse WR 2.3 
T lymphoma and P388D1 macrophage-like cell lines and in 
unstimulated human EBV-B6.1 EBV-transformed B cells and 
Raji Burkitt lymphoma cells (Fig. 6, C and D). After stimu- 
lation with PMA, U-937 cells differentiate from promonocyte- 
like cells to macrophage-like cells (26); this is accompanied 
by a marked increase in ft mRNA (Fig. 6£). Alternatively 
spliced ft mRNAs were not detected in any of the Northern 
blot experiments (see "Discussion"), ft mRNA was not de- 
tectable in the six nonleukocyte cell lines we studied (A549, 
Calu-3, and SK-MES-1 lung carcinoma cell lines; FG-2 pan- 
creatic carcinoma cells; HeLa cervical carcinoma cells; and 
HT-1080 fibrosarcoma cells) (data not shown). 
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DISCUSSION 

This report presents the amino acid sequence, deduced from 
human lymphocyte cDNA, of an integrin 0 subunit that we 
designate as 0 7 (Fig. 2). Comparison of the novel protein 
sequence with the six previously reported human integrin 0 
subunit sequences (Fig. 3) clearly establishes that the protein 
is a member of the integrin 0 subunit family. The 0 7 amino 
acid sequence is 32-46% identical to the sequences of integrins 
0i -06. 07 is most similar to 0 2 , the only previously sequenced 
integrin 0 subunit thought to be restricted to leukocytes. Like 
other 0 summits, 0 7 is predicted to contain a large (~700- 
amino acid) extracellular portion, a transmembrane domain, 
and a cytoplasmic domain. The 0? sequence is very similar 
(49-66% identity) to other 0 subunit sequences in a 136- 
amino acid region of the extracellular domain (amino acid 
residues 151-286). Cross- linking studies indicate that this 
region of 0 3 is in close proximity to ligand during binding (27, 
28). There are also several unique features of 07 that distin- 
guish it from 0i-06. The extracellular domain of 0 7 apparently 
contains an amino-terminal extension of ~20 amino acid 
residues not present in 0i-0s. The significance of this exten- 
sion is unclear since the function of the amino-terminal region 
of integrin 0 subunits is not known. The region of the extra- 
cellular portion of 0 7 near the transmembrane domain also 
differs from other integrin 0 subunits: the 2 conserved cysteine 
residues nearest the transmembrane domain, which are pres- 
ent in all other 0 subunits, are missing from 0 7 . All other 54 
conserved cysteine residues are preserved in 0 7 . This differ- 
ence in cysteine content is likely to affect the formation of 
disulfide bonds that help determine 0 subunit folding. Finally, 
the 0 7 cytoplasmic domain has a 5 -amino acid residue car- 
boxy 1 -terminal extension when compared to 0i-0 3 . There is 
no sequence similarity between this extension and the some- 
what longer extensions of 0 6 and 0 6 . It is possible that these 
distinctive carboxyl-terminal extensions help direct subunit- 
specific interactions with cytoskeletal elements, signal trans- 
duction pathways, or cytoplasmic regulatory factors. 

Analysis of variant 0 7 cDNA clones obtained during library 
screening suggests that 0 7 mRNA may be alternatively spliced 
in peripheral T cells. Clone T4 (from the peripheral T cell 
library) and clones P2 and P8 (from the PEER library) all 
correspond to mRNAs encoding a typical integrin 0 subunit 
containing a large cysteine-rich region (Figs. 1 and 2). Clone 
Tl (from the peripheral T cell library) has an in- frame 
deletion of 444 nucleotides (bases 1616-2059) encoding 148 
amino acid residues from the cysteine-rich region. Two other 
cDNA clones (T2 and T3) obtained from the same library 
apparently represent partially processed mRNAs with related 
exon deletions. These mRNAs are apparently not mature 
since each contains one putative intron; both also have iden- 
tical frame-shifting deletions of bases 1840-2059. These in- 
termediary forms of 0 7 mRNA are presumably destined to 
become mature alternatively spliced mRNAs, not mature 
typical mRNAs, since exons have already been deleted. We 
hypothesize that mature alternatively spliced 0 7 mRNAs are 
formed by the deletion of one exon (bases 1840-2059) followed 
by the deletion of a second adjacent exon (bases 1616-1839), 
although alternative explanations are possible. Of note, the 
five 0 7 putative exon boundaries deduced from variant clones 
all correspond to known exon boundaries in other integrin 0 
subunit genes (Fig. 4A). 

We were able to confirm that alternatively spliced 0 7 mRNA 
is present in unstimulated peripheral T cells using RT-PCR 
(Fig. 5), despite the fact that there is apparently very little 0 7 
mRNA in these cells (Fig. &4). The typical form of 0 7 mRNA 
is probably present in very small amounts in unstimulated T 


cells; it was represented in the peripheral T cell cDNA library 
(clone T4), but was not detected by RT-PCR, perhaps because 
this larger form is amplified less efficiently than the smaller 
alternatively spliced form (data not shown). In PMA-stimu- 
lated cells, which contain more 0 7 mRNA, both the larger, 
typical form and the smaller, alternatively spliced forms were 
detected by RT-PCR (Fig. 5B). However, only a single form 
of 07 mRNA was detected by Northern blotting (Fig. 6). It 
seems most likely that only the typical form of 0 7 mRNA was 
detected by Northern blotting and that the alternatively 
spliced form of 0 7 mRNA, present only in small amounts, 
could be detected only by the more sensitive RT-PCR method. 

Our observations about alternative splicing are preliminary. 
There must be some doubt about the importance of these 
observations since alternatively spliced 0 7 mRNA is probably 
present in relatively small amounts in the cells we studied. 
More important, we have no data that allow us to determine 
whether two different forms of the 0 7 protein are actually 
expressed. Nonetheless, it is intriguing to speculate that in- 
tegrin 0 7 may exist in two forms as a result of alternative 
splicing in some cells. The typical form of 0 7 contains five 
repeats of a cysteine-rich motif in the extracellular domain. 
In the smaller protein predicted to result from alternative 
splicing, most of the cysteine-rich region is deleted (Fig. 4B). 
Since the role of the cysteine repeats in 0 subunit assembly 
and function is unknown, it is difficult to predict the effect of 
this deletion. However, the protein that may result from 
alternative splicing would still contain intact transmembrane 
and cytoplasmic domains and the most highly conserved 
portion of the extracellular domain, believed to be necessary 
for integrin function. It is therefore conceivable that the 
alternative form of the 0 7 protein is functional. There is now 
evidence that alternative splicing of adhesion molecules is a 
relatively common phenomenon. Alternatively spliced forms 
of integrins 0 3 and 0 4 have been identified (11-13, 29). These 
previously reported cases of alternative splicing are predicted 
to affect only the cytoplasmic portions of integrin 0 subunits. 
There is evidence suggesting that extracellular domains of 
integrin a subunits (30, 31) and of non-integrin adhesion 
molecules including GMP-140 and NCAM (32-34) may be 
modified by alternative splicing. The alternative splicing of 
GMP-140 may be similar to the alternative splicing of 0 7 in 
that it results in the deletion of a portion of a repeated region 
of the extracellular domain believed to be remote from the 
ligand-binding site. The functional significance of alternative 
splicing of adhesion molecules is not yet known. 

By Northern blotting, we found that stimulation of periph- 
eral T cells or HuT 78 T lymphoma cells with PMA plus 
ionomycin caused a marked increase in 0 7 mRNA levels (Fig. 
6, A and B). This effect is apparently due primarily or exclu- 
sively to PMA; ionomycin alone had no detectable effect. Not 
all T cell lines require stimulation to express easily detectable 
levels of 0? mRNA. We were able to detect 0 7 mRNA in some 
unstimulated T cell, B cell, and macrophage-like lines (Fig. 6, 
C and D). In contrast, we have been unable to detect 0 7 
mRNA in a variety of nonleukocyte cell lines by Northern 
blotting (data not shown). Using homology PCR, we have 
been able to identify 0 7 in leukocytes from three different 
species, but not in epithelial and endothelial cells from five 
species (17). 2 These data suggest that 0 7 , like its closest known 
relative, 0 2 , may be restricted to leukocytes. Northern blot 
analysis demonstrates that the 0 7 mRNA is —3.2 kilobases in 
length. The 2767-nucleotide cDNA sequence we obtained 
includes 113 nucleotides of the 5 '-untranslated region, the 


* D. J. Erie, C. Riiegg, D. Sheppard, and Robert Pytela, unpublished 
observations. 
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entire open reading frame, and the 3 '-untranslated region 
including the poly(dA) tail. It is likely that the discrepancy 
between the apparent mRNA size and the length of our 
sequence indicates that the sequence we obtained does not 
extend to the beginning of the 5' -untranslated region. 

Other investigators have described integrin /? subunits that 
are expressed in leukocytes and that differ immunologically 
from previously sequenced 0 subunits. The murine lympho- 
cyte £ subunit fa was identified as an alternative partner for 
ot 4 (5, 6). The a A fa complex is present on the surface of certain 
T cells and has a role in lymphocyte homing to Peyer's 
patches. Integrin a 4 fa was not detected on any of the three B 
cell lines tested. However, it is not possible to conclude that 
fa is not expressed on B cells since fa could, in theory, 
associate with an a subunit other than a 4 in some cells. The 
apparent molecular weight of fa on reducing SDS gels is 
130,000 (5, 6) f which is substantially greater than the pre- 
dicted fa M r of 105,000. However, this difference could be 
attributable to the. presence of O- linked carbohydrates, to 
differences in glycosylation between species, or to anomalous 
migration of the protein on SDS gels. Additional data will be 
required to determine whether fa is the human homolog of 
mouse fa. The "leukocyte response integrin 7 * is expressed on 
neutrophils; the identity of its a and 0 subunits remains 
unknown (35). The smaller subunit (presumably the 0 sub- 
unit) has an apparent M r of ~ 110,000, which is very close to 
the predicted fa molecular weight. There are no published 
data about the distribution of the leukocyte response integrin 
on lymphocytes or macrophages, and we have not determined 
whether fa is present on neutrophils. The relationship of fa 
to the leukocyte response integrin remains to be defined. 

Each integrin fa molecule presumably can combine with an 
integrin a subunit to form a heterodimeric cell adhesion 
molecule. Leukocytes express a wide variety of known a 
subunits that may serve as fa partners. Since the 0 subunit 
does play a role in determining ligand specificity, 0 7 integrins 
are likely to have distinctive properties. Alternative splicing 
of fa may affect functional features of the receptor complex, 
like subunit association, ligand specificity, or ligand binding 
affinity. Since leukocyte expression of fa mRNA can be mark- 
edly induced by PMA, fa may be regulated by a variety of 
physiological stimuli during immune and/or inflammatory 
processes. 

Note Added in Proof— After this report was submitted for publi- 
cation, we learned of another report (36) of a human integrin /3 7 
sequence that differs by 9 amino acid residues from the sequence 
reported here. 
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Abstract. Integrin a 4 /3, can mediate both cell-cell and cell-extracellular matrix 
adhesion by binding to either fibronectin or vascular cell adhesion molecule 1 
jue (VCAM-1). Both interactions are important for extravasation of leukocytes from 

)dy the blood implying that rationally designed inhibitors of a 4 /3, function may be 

useful for treating various inflammatory conditions. The mechanisms of hgand 
ese binding by a 4 /3, are complicated by the fact that alternative splicing can generate 

:nt. different isoforms of the receptor-binding domains in both fibronectin and 

:ral VCAM-1. Therefore, in addition to developing a 4 /3, antagonists, we have also 

been interested in identifying isoform-specific functions. Recombinant ligand 
aee variants have been tested in adhesion and direct receptor-binding assays and each 

molecule was found to have a different inherent affinity for ot 4 0, that endows 
them with different adhesive activities. This suggests that alternative splicing may 
regulate o 4 j3,-dependent motility in vivo. The initial strategy that we have adopted 
to develop a 4 /3, inhibitors has been to identify key amino acid residues and 
peptide sequences participating in the receptor-ligand binding event and to use 
ion this information to generate synthetic mimetics. Three active sites have been 

* ed identified in fibronectin by testing truncated proteins, expressing recombinant 

fragments and screening synthetic peptides. Two of these sites employ versions 
ion of a novel integrin-binding motif, LDVP/IDAP. A key active site in VCAM-1 

■a j has been identified by similar approaches as the related sequence IDSP. Since IDSP- 

like sequences are probably used by other integrin-binding immunoglobulins, 
94b derivatives of these peptides may turn out to be the forerunners of a new generation 

, na l of therapeutic agents with multiple applications. 

1995 Cell adhesion and human disease. Wiley, Chichester (Ciba Foundation 
Symposium 189) p 177-194 
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yed Adhesion is a fundamental prerequisite for many normal cell functions. This 

need is most commonly exemplified by the dependence of growth on 
anchorage, but adhesion also generates the traction required for cell movement 
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and cell positioning, and directly influences intracellular signalling systems and 
gene expression. In addition to normal functions, adhesion also contributes to the 
pathogenesis of many of the most common human diseases. In these cases, if cell- 
adhesive interactions could be regulated, then disease progression might be 
arrested. Prime molecular targets for the generation of adhesion regulators are 
adhesion receptors, of which integrins are the principal class. Integrins are a family 
of a, 0 heterodimeric glycoproteins that currently contains 21 different members 
in vertebrates (Hynes 1992). Each dimer possesses a unique ligand specificity, 
suggesting that different receptors exhibit different functions in vivo and implying 
that specific integrin antagonists could have many applications (Humphries 1990). 

The first step in the rational design of adhesion regulators requires information 
about the structure of adhesion molecules. Ideally, this would be a three- 
dimensional description of the receptor-ligand binding complex, but, 
alternatively, active site domains of either the receptor or ligand could be studied 
in isolation. In recent years, the rational design of integrin antagonists has been 
aided immensely by studies of the molecular basis of ligand binding. A key 
concept that has emerged from this work is that the majority of integrin ligands 
use very short protein sequences as receptor recognition motifs (Humphries 1990, 
Yamada 1991). Analogues of these sequences are essentially lead compounds 
for drug design (Humphries et al 1994). Initial studies, using fibronectin as a 
model, mapped adhesive domains using proteolytic fragments to the point at 
which it was possible to reproduce activity in the form of synthetic peptides. 
This important strategic transition permitted extremely rapid elucidation of a 
key minimal active sequence as the tripeptide RGD (Pierschbacher & Ruoslahti 
1984). The discovery that peptides containing such a short sequence could possess 
adhesive activity has since been substantiated by extensive antibody and 
mutagenesis studies of fibronectin, and by the fact that other adhesion molecules, 
including fibrinogen, von Willebrand factor, vitronectin and osteopontin have 
subsequently been shown to employ the same RGD motif, albeit with different 
receptor specificity profiles (Humphries 1990). 

RGD-dependent binding of fibrinogen to the platelet integrin a llb fa (also 
known as GPIIb/IIIa), an interaction that plays a key role in thrombosis, is 
the first integrin-ligand interaction to be targeted by pharmaceutical companies 
for drug development. This work has now led to the development of RGD 
mimetics which exhibit potency, specificity and a capability for oral delivery 
(Humphries et al 1994). Current indications from clinical trials with these 
antagonists in unstable angina, coronary angioplasty and myocardial infarction 
are encouraging. In addition to being used in soluble form, the RGD motif has 
also been incorporated into formulations with hydrophobic peptide linkers or 
glycosaminoglycans to enhance cell adhesion. Initial clinical trial data from the 
treatment of ulcers and tissue grafts have shown positive effects on the 
acceleration of wound closure, improvement of cellular organization and 
reduction of scarring. 


Mechanisms of integrin binding ' /y 

Subsequent to the discovery of the RGD recognition sequence, the molecular 
basis of other integrin-ligand interactions has been partially solved. In three 
cases activity can again be described by synthetic peptides: first, proteolytic 
dissection of fibrinogen has led to the identification of a peptide from the 
C-terminus of the 7-chain with a minimal sequence QAGDV which binds to 
a, lb j3 3 (Kloczewiak et al 1984); second, the major integrin a 4 /3 r binding site in 
fibronectin has been localized to the tripeptide LDV (Komoriya et al 1991); and 
third, evidence has been presented to implicate the sequence DGEA as an active 
site in collagen type I for binding to the integrin a 2 P x (also known as GPIa/IIa) 
(Staatz et al 1991). There appears to be a functional analogy between some of 
these motifs since QAGDV and RGD peptides bind to the same or mutually 
exclusive binding sites on a IIb /3 3 (Santoro & Lawing 1987) and LDV and RGD 
have the same relationship for binding a 4 /3, (Mould et al 1991). This suggests 
that the concepts learned from studies of RGD may be applicable to other 
integrin-binding motifs. 


The integrin a 4 /3i and its ligands 

In recent years, work in this laboratory has focused on the leukocyte integrin 
a 4 0i (also known as VLA-4) and its two ligands, the extracellular matrix 
glycoprotein fibronectin (Wayner et al 1989, Guan & Hynes 1990, Mould et al 1990) 
and the endothelial cell-surface protein VCAM-1 (Elices et al 1990). Since anti- 
a 4 0i monoclonal antibodies have been shown to inhibit trafficking of leukocytes 
in a number of acute and chronic inflammatory conditions in vivo, it appears that 
these interactions contribute to leukocyte extravasation and are therefore 
important therapeutic targets (Yednock et al 1992, Weg et al 1993). Consequently, 
we have been interested in determining the molecular basis of a 4 0,-ligand 
binding with a view to using this information to. develop specific antagonists. 

In addition to the role of a 4 j8, in disease processes, results from several 
studies have also identified a 4 /3,-Iigand interactions as a useful model system 
for studying the regulation of integrin-mediated migration: first, a A 0 Y is 
generally expressed by highly motile cell types such as leukocytes and neural 
crest derivatives, and is employed during migration of these cells in vitro (Hemler 
et al 1990); second, expression of a 4 /3, by tumour cells correlates with 
invasiveness and metastatic potential (Albelda et al 1990); third, expression of 
a chimeric integrin containing the a 2 extracellular domain and the a 4 
cytoplasmic domain enhances the ability of cells to migrate on collagen substrates 
compared to cells transfected with chimaeras containing other cytoplasmic 
domains (Chan et al 1992). It is therefore conceivable that an understanding 
of the role of a 4 0, in cell migration will yield insights that are applicable to 
other adhesion systems. 

a 4 /3, binding to fibronectin occurs in a complex manner via the HepII/IIICS 
region. HepII is the major proteoglycan-binding domain of fibronectin, while 
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IIICS is one of three sites subject to alternative splicing within the molecule. 
Three distinct a 4 j3 r binding sites have been identified within the HepII/IIICS 
region (Humphries et al 1986, 1987, Mould & Humphries 1991). Two sites 
(represented by peptides CS-1 and CS-5) are present in independently spliced 
segments of the IIICS (Humphries et al 1986, 1987), while the other site 
(represented by the peptide H-l) is found in the HepII region and is therefore 
expressed in all fibronectin isoforms (Mould & Humphries 1991). As discussed 
above, the CS-1 peptide contains the tripeptide LDV as its minimal active site 
(Komoriya et al 1991). H-l contains a related motif, IDA, while CS-5 
incorporates a variant of RGD, REDV (Humphries et al 1986, Mould & 
Humphries 1991). On the basis of previous studies of the relative activities of 
the three active site peptides, CS-1 has approximately 20-fold greater activity 
than CS-5 and the activity of H-l is similar to that of CS-5 (Mould & Humphries 
1991, Mould et al 1991). VCAM-1 is a member of the immunoglobulin 
superfamily, consisting of six or seven immunoglobulin repeats. The sites in 
VCAM-1 recognized by a 4 0i lie within immunoglobulin domains I and IV 
(Vonderheide & Springer 1992). In the six-domain form of VCAM-1, domain 
IV is removed by alternative splicing. 

Functional aspects of oufr-ligand binding 

The location of integrin binding sites in alternatively spliced segments of both 
c^fr ligands suggests that splicing may regulate function. To test this 
possibility, we adopted the approach of generating recombinant versions of the 
HepII/IIICS splice variants. Four variants have been studied which contain the 
four possible combinations of the three active sites— CS-1 , CS-5 and H-l . The 
H-120 variant contains all three known sites, H-89 contains CS-1 and H-l, H-95 
contains CS-5 and H-l, and H-0 contains H-l alone (Fig. 1). When tested in 
cell attachment and spreading assays, the relative activities of the different 
variants mirrored the relative activities of CS-1, CS-5 and H-l peptides— i.e. 
if present, the CS-1 sequence dominated the activity of the HepII/IIICS region 
(Mould et al 1994). The difference in activity between H-95 and H-0 implies 
that the CS-5 site is active in the H-95 variant. 

Interestingly, inhibition experiments with anti-integrin antibodies suggested 
that whereas adhesion to VCAM-1, H-120 and H-89 was almost exclusively 
mediated by a 4 p lt some of the cell attachment and migration mediated 
by H-95 and H-0 was not due to integrin recognition. Instead, attachment 
was partially inhibited by heparin, suggesting that proteoglycans were 
also mediating cell adhesion and that proteoglycans and a 4 0i may cooperate 
in promoting attachment to the HepII domain. In contrast, we observed 
that heparin did not significantly inhibit attachment to H-120 and H-89, 
suggesting that proteoglycan binding does not influence recognition of 
this sequence by a 4 0i. 
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FIG. 1 . Schematic representation of the four different recombinant variants of the 
HepII/IIICS region referred to in the text (H variants). The top part of the figure shows 
the modular structure of the fibronectin subunit: closed boxes, type I repeats; cross- 
hatched boxes, type II repeats; hatched boxes, type III repeats; open boxes, regions subject 
to alternative splicing. The methods used for polymerase chain reaction cloning and 
expression of H variants are given in Makarem et al (1994). The numbers assigned to 
H variants refer to the number of IIICS residues in the protein. The locations of the 
three recognition sequences for a 4 /B„ H-l, CS-1 and CS-5 are indicated. 


Measurements of receptor binding affinities for the different recombinant 
proteins in a solid-phase binding assay in the presence of ImM MnCl 2 
showed that VCAM-1 bound to a 4 0i with approximately fourfold higher 
affinity than H-l 20 and H-89 (which were both of similar affinity). H-l 20 
exhibited approximately 10-fold higher binding affinity than H-95, which 
in turn exhibited approximately twofold higher affinity than H-0 (Mould 
et al 1994). These results match the observed differences between the 
ligands in adhesion assays. An important conclusion from these studies is 
that the effects of fibronectin and VCAM-1 on cell adhesion appear to 
depend only on the affinity of their interactions with a 4 j8 1 and not on a ligand- 
specific sequence. 

The significance of differences in affinity could be related to receptor 
reorganization with high-affinity ligand binding eliciting clustering of larger 
numbers of integrins compared to low-affinity ligand binding, and therefore 
to more stable interactions of integrins with the cytoskeleton. Alternatively, 
high-affinity ligand binding may transduce different signals to the cell 
interior compared to low-affinity binding, for example through effects 
on integrin conformation, clustering, or association of signalling molecules. 
In vivo, the high affinity binding of VCAM-1 to a 4 Pi may favour the 
arrest of leukocytes on the surface of endothelial cells at sites of inflammation. 
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A novel finding from measurements of the kinetics of a 4 /3i-ligand binding 
was that changes in ligand affinity were due principally to changes in the rate 
of ligand-receptor association (*,) rather than ligand-receptor dissociation 
(*_,). The activation energies for these reactions are likely to derive mainly 
from conformational changes in both ligand and receptor; the identification 
of conformation-specific monoclonal antibodies has indicated that such changes 
do occur (Frelinger et al 1990, Zamarron et al 1991). The results from a 4 /3i- 
ligand binding assays suggest that receptor-ligand engagement requires changes 
in ligand conformation (these changes may only be small for sequences in 
VCAM-1 , but very large for low-affinity sequences, such as in the HepII region 
of fibronectin). In contrast, receptor-ligand dissociation appears to require 
changes in receptor conformation. 

Recombinant fibronectin and VCAM-1 ligands were also examined for their 
ability to promote melanoma cell migration. Migration on H-120, H-89 and 
VCAM-1 showed a biphasic response as a function of the coating concentration 
of ligand, with recombinant soluble VCAM-1 being two- to threefold more 
potent in the first phase. Higher concentrations of all ligands supported reduced 
cell migration. Our interpretation is that a threshold level of cell adhesiveness 
is needed for cell migration to start, at intermediate adhesiveness cell motility 
increases to a maximum and at high adhesiveness migration declines as a result 
of the inability of the cells to break contact with the substrate. Because 
adhesiveness is likely to be directly proportional to the affinity of receptor- 
ligand binding, the results can again be explained by the differences in ligand 
affinities. For H-95, which promotes weak migration that is not reduced at high 
coating concentration, it appears that its adhesive strength is too weak for cell 
migration to reach a maximum and, for H-0, the threshold level at which 
migration can begin is not attained. 

We previously hypothesized that adhesion to lower-affinity sites, such as CS-5, 
may allow more rapid cell migration, whereas adhesion to the high-affinity CS-1 
site may restrict cell migration. The results presented here suggest the opposite 
and point to a key role for CS-1 in migration. However, the concentration of 
fibronectin in the extracellular matrix is likely to be of crucial importance in 
vivo. If high concentrations of fibronectin containing the CS-1 site are present, 
the attachment strength may exceed that required for optimal cell migration. 
Enforced inclusion of different spliced segments of the IIICS region through 
transgenic approaches may provide additional insights into the effects of the 
different a 4 0i recognition sites on migration in vivo. 

VCAM-1 active sites 

As described above, VCAM-1 -mediated leukocyte extravasation is an important 
therapeutic target for the development of anti-inflammatory agents. Recently, 
we have shown that fibronectin and VCAM-1 act as competitive inhibitors of 
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each other's binding to a 4 0 { (Makarem et al 1994). This suggests that c^ft may 
interact with fibronectin and VCAM-1 by a similar mechanism. The tripeptide 
sequence LDV is the key active sequence within CS-1 (Komoriya et al 1991) 
and, on inspection, VCAM-1 domains I and IV contain a related sequence, 
I(39)DSP. A computer-generated model of VCAM-1 domain I, based on 
immunoglobulin domain crystal structures, places this sequence in the exposed 
C-D loop region that is potentially accessible to a 4 jSj (Fig. 2). Molecular 
dynamics simulations predict that the IDSP loop is flexible and projected away 
from the side of the domain. 



FIG. 2. Model of VCAM-1 domain I. The model shown is an averaged structure 
following molecular dynamics simulations and is based on the Ig crystal structure of 
IREIa (for further details see Clements et al 1994). The diagram was produced with 
the aid of the display program MOLSCRIPT (Kraulis 1991). The jS-strands that 
collectively form the ABDE sheet are shown as dark grey arrows and those that form 
the CFG sheet are shown as light grey arrows. The I(39)DSP sequence is shown in ball- 
and-stick form. In (a) the domain is viewed from the side; in (b) it is viewed from the top. 
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A number of mutations within the IDSP-containing loop and within other 
sequences predicted to be surface-accessible, were screened for their effects on 
adhesive activity. Using a simplified VCAM-1 construct lacking domains IV- 
VI, mutation of the I(39)DSP sequence essentially abrogated a^-VCAM-l 
binding (Clements et al 1994). The profile of monoclonal antibody binding to 
mutated VCAM-1 molecules was not affected by the mutation, indicating that 
the effects on adhesion were a direct consequence of perturbing integrin 
recognition. To examine the contribution of the IDSP sequence in domain IV 
of VCAM-1, we made use of the fact that a 4 j8, adhesion to VCAM-1 exhibits 
temperature'sensitivity; binding to domain I will take place at either 37 °C or 
4 °C while binding to domain IV only takes place at 37 °C (Needham et al 1994). 
Mutations in full length VCAM-1 within the IDSP region of domain I only 
partially reduced adhesion at 37 °C (Clements et al 1994). When adhesion was 
tested at 4 °C, almost all binding was abolished, indicating that the residual 
activity observed at 37 °C could be attributed to a 4 |8, interaction with domain 
IV Mutations of the I(327)DSP sequence of domain IV had no significant effect 
at either assay temperature, indicating that if I(327)DSP is active, a 4 0i 
preferentially binds domain I over domain IV. Simultaneous mutation of both 
IDSP sequences in domains I and IV produced a molecule that was unable to 
support adhesion at either temperature. Taken together, these data suggest that 
a 4 0, binds domain I and domain IV via a common mechanism mediated by 
the IDSP motif. However, if binding to one domain is compromised, binding 
can still take place via the other domain. 

In agreement with the data from mutagenesis experiments, a peptide 
spanning the IDSP region (TQIDSPLN) was shown to inhibit spreading of 
melanoma cells on recombinant soluble VCAM-1 in a dose-dependent manner 
(Clements et al 1994). The peptide possessed similar activity to the fibronectin 
CS-1 peptide, while a control peptide with scrambled sequence (QNLSPITD) 
had no significant inhibitory effect. A peptide containing IDSP can therefore 
specifically and effectively perturb a 4 /3,-VCAM-l interactions, thereby 
confirming the results obtained from VCAM-1 mutagenesis. Importantly, this 
result suggests that the mechanism of integrin binding by immunoglobulin 
ligands is related to that employed by most extracellular matrix ligands. 

Although much structure-activity work remains to be performed, the IDSP 
motif is the third LDV-like sequence to be identified as a functional integrin- 
binding site (after the prototypic LDV(P) site in CS-1 and the IDA(P) sequence 
in the fibronectin HepII peptide H-l). A series of other reports suggest that 
there may be many more examples of the use of similar sequences and that this 
is in fact a second common integrin-binding motif, functionally related to ROD. 
One such sequence is the QAGDV peptide from the C-terminus of the 7 -chain 
of fibrinogen (Kloczewiak et al 1984). This peptide bears some homology to 
LDV (Table 1) and, like LDV (Humphries et al 1987), is a competitive inhibitor 
of RGD function (Santoro & Lawing 1987). It is most striking, however, that 
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TABLE 1 Sequence homology in domain I C-D loop region 
of integrin-binding cell adhesion molecules and comparison with 
functionally active sequences in fibronectin and fibrinogen. 


Protein 

Species 

Sequence 

FN CS-1 

Hu/Ra/Bo 

PEI LDVP STV 

FN CS-1 

Ch 

PDM LDVP oVD 

FN CS-1 

Xe 

rcl LUVr iuh, 

FN H-l 

Hu/Ra/Bo/Ch 

SI A IDAP bNL 

FN H-l 

Xe 

'■««■» * vncn exit 

TTA VDaP oNL 

FG 7-chain 

Hu 

KQA GDV. 

VCAM-1 DI 

Hu/Ra 

RTQ IDSP LNG 

VCAM-1 DI 

Mu 

RTQ IDSP LNA 

VCAM-1 DIV 

Hu 

RTQ IDSP LSG 

VCAM-1 DIV 

Mu/Ra 

RTQ TDSP LNG 

MACH^/\IV1-I Ul 

nu 

WRG LDTS LGS 

ICAM-l DI 

Hu 

LLG IETP LPK 

ICAM-1 DI 

Mu 

SLG LETQWLK 

ICAM-l DI 

Ra 

GLG LETNWMK 

ICAM-2 DI 

Hu 

VGG LETS LNK 

ICAM-2 DI 

Mu 

MGG LETP TNK 

ICAM-3 DI 

Hu 

KIA LETS LSK 


•LDVP' homology is in bold. FN, fibronectin; FO, fibrinogen; Hu, 
human; Ra, rat; Bo, bovine; Ch, chicken; Xe, Xenopus; Mu, mouse. 


all other integrin-binding immunoglobulin ligands contain either an aspartate 
or a glutamate residue in their membrane-distal domains in a position analogous 
to the IDSP of VCAM-1 (Table 1). There is now considerable evidence that 
each of these residues contributes to function: mutation of (i) E34 within 
ICAM-l domain I (Staunton et al 1990) and (ii) E37 within ICAM-3 
(D. Simmons, personal communication) substantially inhibits a L jS 2 (LFA-1) 
binding; (iii) mutation of D41 within MAdCAM-1 inhibits a 4 /3 7 binding 
(M. Briskin, personal communication); and (iv) a peptide spanning the L(39) 
ETP site of of ICAM-2 is an effective inhibitor of a L /3 2 binding and is capable 
of a direct interaction with a L j8 2 (Li et al 1993). Thus, a consensus integrin- 
binding motif on immunoglobulin cell adhesion molecules becomes apparent: 
aliphatic-aspartate or glutamate-serine or threonine-proline or hydrophilic. 
The use of a glutamate rather than an aspartate residue by ICAMs contrasts 
with the absolute dependence of RGD sequences on aspartate, but might reflect 
a slightly deeper active site pocket in 0 2 integrins. In the future, it will be of 
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pressing importance to test the ability of LDV-like ('LDV') peptides to perturb each 
of these integrin-ligand interactions using sensitive assays for adhesion, since this 
would have implications for the design of novel classes of anti-adhesive agent. 

One question prompted by the common use of RGD- and LDV-like sequences 
is the extent to which each integrin-ligand interaction is dependent on a short 
acidic peptide motif. In the case of fibrillar collagen molecules, which bind to 
a, ft and a 2 0i, linear sequences may not be involved. Using the adhesion of 
human chondrosarcoma cells to type II collagen as a model system, we have 
found that native and heat-denatured collagen molecules support adhesion by 
different mechanisms. Recognition of native type II collagen by a 2 fr requires 
a triple heUcal conformation and is not inhibited by linear CNBr fragments or 
by the DGEA peptide described by Staatz et al (1991). Recognition of denatured 
collagen, on the other hand, is mediated by a fibronectin-ajfr bridge, not by 
a 2 /3„ and is inhibited by CNBr fragments. The inability to reproduce the 
integrin-binding activity of type II collagen in the form of a linear peptide implies 
that collagens employ a different type of active site in their receptors to those 
ligands that use RGD- or LDV-like sequences. This appears to be the case, since 
in recent work (D. S. Tuckwell and M. J. Humphries, unpublished results), 
we have shown that the recombinant I-domain of a 2 interacts specifically with 
fibrillar collagen in a cation-dependent manner. 


Future prospects: integrin-binding peptide potency and specificity 

The fact that both RGD and LDV are used as common recognition signals 
provides a partial explanation for the ligand-binding promiscuity of integrins. 
It also explains why an integrin ligand can competitively inhibit the binding of 
other ligands to the same integrin, e.g. fibrinogen, fibronectin and von 
Willebrand factor for a nb /3 3 , and fibronectin and VCAM-1 for a 4 0,. Some 
integrins, however, exhibit exquisite ligand-binding specificity, implying that 
either the integrins, the ligands, or both have structural features that generate 
this specificity. Little is known about integrin structure, but as far as the ligands 
are concerned, two possibilities are that the peptides themselves are held in 
different conformations in different ligands, or that other regions of the ligands 
contribute to receptor binding and endow specificity. Although there is some 
evidence supporting the latter view (Obara et al 1988, Bowditch et al 1994), 
it is now clear that simple alterations in the structure of synthetic RGD peptides 
can produce molecules that are selective inhibitors. In turn, this implies that 
normal flanking/spatially adjacent sequences in the ligand may serve to constrain 
RGD conformation. As yet, in the absence of crystal structure data, there are 
few indications as to how this is achieved. However, one reproducible finding 
from RGD structure-function studies has been the generation of greater potency 
in RGD peptides containing highly hydrophobic amino acids in the position 
following the aspartate (e.g. L, Y, F and W). This suggests that hydrophobic 
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bonding may contribute to the interaction of RGD sequences with their integrin 
active sites. How this requirement relates to the hydrophobic residues in LDV 
motifs remains to be investigated. What is apparent so far from LDV structure- 
function studies is that the motif has greater tolerance of amino acid substitutions 
in the residues flanking the key aspartate. This offers hope that peptide 
engineering might produce selective inhibitors for cell adhesion molecule-binding 
integrins. As expected from work with RGD, linear LDV peptides are predicted 
to be extremely flexible (Fig. 3) and studies are now underway to introduce 
conformational restrictions into these peptides, initially by cyclization. 

^ X& 




yK >r^ VS- 


FIG. 3. Accessible low-energy conformers of Ac-LDV-N-methyl amide after molecular 
dynamics-simulated annealing at an exhaustively slow cooling rate (12.5 K/ps; J. Sheridan 
& M. J. Humphries, unpublished results). The high variability in low-energy structures 
demonstrates the flexibility of the linear peptide. 
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Tertiary structure determinations of RGD sites in fibronectin (Fig. 4), tenascin, 
kistrin, echistatin and recently in the foot-and-mouth disease VP1 coat protein 
have in all cases localized them to flexible surface loops (Adler et al 1991 , Chen 
et al 1991, Leahy et al 1992, Main et al 1992, Logan et al 1993). Interestingly, 
although we cannot comment on flexibility, our prediction is that LDV active 
sites in integrin-binding immunoglobulins are also localized to loops. This 
location may be functionally important in endowing a relatively high on-rate 
for ligand binding or may reflect the fact that the majority of the loop is not 
anchored to the rest of the molecule, but it also suggests that there is likely 
to be a high degree of induced fit in the ligand subsequent to binding. Elucidation 
of the conformational changes that take place in both ligands and receptors 
during binding and dissociation, and how this varies between ligand isoforms, 
remains a fundamentally important question. In addition, further investigation 
of the molecular basis and functional consequences of ligand binding by 
the integrin a 4 0i promises to answer a number of other key questions. 



FIG. 4. Model of fibronectin type III repeat 10. The model is derived from atomic 
coordinates based on results from nuclear magnetic resonance studies of the recombinant 
molecule (Main et al 1992). The location of the RGD site is indicated. 
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DISCUSSION 

Hynes: You don't see any inhibition of adhesion to collagen by the peptide 
DGEA, so how do you explain Santoro's results (Staatz et al 1991), which look 
pretty convincing? Do you understand why yours are different? 

Humphries: No, 

Sonnenberg: I'm not convinced that the peptide used by Santoro is the only 
relevant peptide sequence. 

Hynes: It may not be the only one, but Santoro's data that it was an arfi 
inhibitor weren't bad. 

Humphries: The concentrations of peptide that they used were very high. In 
order to see activity with a truncated peptide, I believe they needed 
concentrations of 5-6 mM. 

Hynes: Do you see the I-domain of a^j binding to laminin as well? This 
is also a laminin receptor in some situations. 

Humphries: No, we didn't see any binding with the a 2 I-domain. 

Sonnenberg: Can you block ct\fi\ binding to collagen with the I-domain of 

"2? 

Humphries: We've not tried that. 

Rothlein: Did you look for the integrin-binding sequence in domain III of 
ICAM-1, which binds to a M j8 2 (Mac-1)? 

Humphries: Yes; there doesn't appear to be a homologous sequence. I don't 
know what that says about ICAM-1-Q£ M £ 2 binding. 

Rothlein: It seems pretty clear that when you have an I-domain, antibodies 
that block cell adhesion bind to the I-domain; antibodies that don't bind to 
the I-domain are not effective blockers of cell adhesion, yet most anti-/8-subunit 
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antibodies block effectively. What's the relationship between the a and the 0 

^Humphries: That's a central question. We desperately need to understand 
how the ligand-binding pocket is formed. The information could also impact 
upon activation, drug development and all kinds of phenomena. I should add 
that there are examples of antibodies that don't bind to the I-domain blocking 
function Danny Tuckwell has found that HAS-6, one of Fiona Watt's anti- 
cs antibodies, is a weak blocker of adhesion and doesn't map to the I-domam 

(Tenchini et al 1993). . 

Of course, we should remember that the I-domain isn't found in every mtegrm 
and therefore can't explain all ligand-binding events. 

I should also add that Klaus Kuhn's lab have reported a quite interesting 
hypothesis about how type IV collagen is recognized by a,/3, (Eble et al 1993). 
They're lucky that they can actually fragment type IV collagen and retain a 
triple helical structure that is held together by disulphide bonds. By chemical 
modification of amino acids, they've shown that there is an argmine residue 
and an aspartate residue that are crucial for that binding. However, these two 
residues are not on the same chain in the trimer, but are actually found on 
adjacent chains. They think that there may well actually be an RGD type of 
recognition of the type IV collagen mediated by a basic and an acidic group 

on different chains. 

Sonnenberg- But your isolated I-domain doesn't bind to collagen IV.' 

Humphries: It binds, but weakly. It also binds weakly to type VI, which is 
very interesting. 

Sonnenberg: How do you explain that? Are there two binding sites/ 

Humphries: I think there's more than one binding site and that, depending 
on the ligand, each is used to a different extent. 

Elices- What is the relationship between the solid-phase assays you do (in 
which you use the purified receptor) and the receptor that is expressed on ce Is? 

Humphries: Fundamentally they are the same. The binding we see m the solid- 
phase assays is specific and occurs under conditions that support adhesion to 
authentic ligands. In cell-based assays the environment of the integnn might 
be modulated to produce receptors with different activities. This is where cell 
adhesion experiments can actually give different results. For example, differences 
in receptor presentation and in intracellular activation or clustering of the integral 
can give you apparent differences in cation sensitivity or sensitivity of the 
adhesion to inhibitors. 

Shaltiel: Can you tell us more about the effect of the cations on the efficacy 

of the different peptides? 

Humphries: It's dependent on the integrin. In a way it's quite reassunng to 
see a different pattern for the a 2 I-domain and for a 4 . Paul Mould 
(unpublished results) has done similar experiments with a 5 fa\ using the 80 kDa 
fragment of fibronectin as a biotinated ligand, and there you see a very different 
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ie j3 pattern to a 4 . Whereas Ca 2+ is slightly better than Mg 2+ for a 4 ligands, with 

the 80 kDa ligand it's the other way round. I don't know whether or not there 
and i s any difference in cation specificity for different ligands for the same integrin. 

pact Current evidence suggests the cation pattern is the same, 

add Hogg: Martin Hemler has shown differences in the divalent cation dependency 

ring pattern for binding to fibronectin (Mg 2+ only) versus VCAM-1 (Mg 2+ 

wti- and Ca 2+ ; Matsumoto & Hemler 1993). 

lain Humphries: With isolated integrin? 

Hogg: No, on the cell surface, 
grin Humphries: You can get misleading results by concentrating just on cell 

adhesion assays because cation status is only one factor affecting net affinity 
ting of Hgand binding; the inherent affinity of the ligand, the number of receptors 

93). an d the state of receptor activation must also be taken into account, 

in a Pober: When you did experiments studying cell attachment to the denatured 

lical collagen fragments and showed that it was an a 5 -mediated effect, is that 

idue because of direct recognition of these gelatin fragments by ot 5 , or are the cells 

two bringing fibronectin with them that binds to the gelatin, producing attachment 

1 on through a fibronectin bridge? 

»e of Humphries: They are making fibronectin. It's well known that chondrocyte 

oup cells m ake huge amounts of fibronectin when they're released from the cartilage 

matrix. By immunofluorescence, Danny Tuckwell has observed fibronectin and 

a 5 in focal contacts on denatured collagen, 
ch is Pober: So it's not direct recognition of collagen by a 5 per sel 

Humphries: No, it's a bridge. I should just add that the CB10 fragment, which 

is the most adhesive, is already characterized as being the major fibronectin 
ding binding site in type II collagen. 

Pober: You pointed out the alternative splicing of fibronectin to either include 
a C n or exclude a ligand, and you made the same comment about VCAM. I just want 

ells? to throw out something for consideration about VCAM splicing. There does 

olid- seem to b e a profusion of molecular VCAM species in mice and rabbits. 

>n to However, it's not obvious that there is alternative splicing of VCAM in humans, 

light There is a minor species of VCAM mRNA that is present lacking exon 4, but 

5 cell it's always a minor species. No one has been able to find a human cell type 

snces in which there is ever more than a tiny fraction of the exon 4-deleted message, 

egrin and no one has demonstrated this form of protein in a cell other than a 

f the transfectant made with the cDNA lacking exon 4. 

Humphries: But it may be that those different domains in the full length 
icacy molecule mediate different functions. There is some evidence for temporal 

differences in the use of domains I and IV during cell adhesion, 
ng to Sonnenberg: To see collagen binding you need quite high concentrations of 

lould manganese: why is this? 

1 kDa Humphries: You don't actually need much, but a plateau isn't reached until 

erent you use concentrations higher than 10 mM. 
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Sonnenberg: Is the metal binding site in the I-domain that weak? 

Humphril. No, this is true for purified integrins as well. You don't normally 
add TaT amount because of complications with the assay; you certainly still 
eet effects at sub-millimolar levels. m 

You mentioned that the binding of to collagen . 'onfonnation 
dependent However, in the earlier peptide experiments, you showed that 
Sent peptides were fairly effective at inhibiting «* interaction with its 
Ugands How do you reconcile the apparent inconsistency that in some case 
Somtatton seems to be important (for example, in a*, bindmg to coUagen) 

"»SnV«tan, in all cases. The difference between those 
two sysfems is that for the 04 ligands the active site is in a lmear peptide, the 
flct thatTou see inhibition of one by the other is because they use the same 
active^ site With collagens, my guess is that there isn't a linear peptide that can 
explain ^binding, so you need contributions from more than one chain and 
this wouldn't be possible in a fragmented molecule, 
"iris anything known about a, binding to collagen? Are there any 

k TullZtTLra adhesion assays, we know that the specificity of ligand 
bindnTto the two integrins is slightly different. Overall, a, tends to prefer type 
IV cdfagen does bind to type IV and type VI collagen, but m I-dornain 
Sg you sef differences: that's why I think there may be 
of different sites in the subunit. It will be important to test the a, I-domain 
in parallel with a 2 . 
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Binding sites on the integrin aj3 2 (LFA-1) for its ligand ICAM-1 


Hogg: I am going to describe work carried out by Anna Randi and Paula 
jen ' Stanley in my laboratory. The integrin (also known as lymphocyte 

function-associated antigen 1 [LFA-1 ] ) has specificity for intercellular adhesion 
lc * e molecule 1 (ICAM-1), but it has been notably difficult to demonstrate binding 

of ICAM-1 to intact otifi 2 in solution. In order to identify binding sites on ai£ 2 
* mt for ICAM-1 , we have taken the approach of translating in vitro regions of the 

^ a L subunit to obtain a 'nested' series of protein fragments with domains 

deleted from the N-terminus of the subunit (Fig. 1). We have then used a 
chimeric form of ICAM-1 with an IgGl Fc 'tail' to precipitate these 35 S- 
^ methionine-labelled protein fragments. The minimum fragment with which we 

could obtain precipitation with ICAM-1 corresponded to domains V and VI, 
; which are two of the three putative divalent cation-binding domains within the 

^ a subunit (i.e. domains V-VII) (Stanley et al 1994). 

This result indicated that a binding site for ICAM-1 is contained within domain 
V and VI of the a L subunit. In order more precisely to pinpoint the ICAM-1 
binding site within this region, we next made a series of 20mer peptides covering 
domains IV through VII and tested their ability to inhibit T cell binding to ICAM-1 
via aifi 2 - Tne two peptides which inhibited the assay are located downstream 
of the putative divalent-cation binding site of domain V and overlapping the 
metal binding sequence of domain VI. Because domains V-VII have been 
f g£j speculated to resemble the classic helix-loop-helix motif of the Ca 2+ -binding 

EF hand, we have modelled domain V and VI on the basis of the solved structure 
nistic of the calmodulin EF hands (Stanley et al 1994). When the inhibitory peptides 

scule. - are positioned on the model, the two ICAM-1 binding sites lie adjacent to one 

another along one rim of the model and appear to form a single binding site. 

When the I-domain was eliminated from the a^-translated a-subunit 
fragments, however, there was a large decrease in the ability of ICAM-1 to 
jgrins precipitate ctjh fragments, suggesting that the I-domain is involved in binding 

wdhes 0 f ICAM-1 . To investigate its role in ICAM-1 binding, we expressed recombinant 

isolated I-domain as a fusion protein with the Fc portion of IgGl (I-Fc) and 
tested a panel of anti-a^ monoclonal antibodies for their ability to interact 
with it. The majority of the previously characterized anti-a^ antibodies (18 
out of 20) recognized epitopes within the I-domain (Randi & Hogg 1994). This 
may reflect a structural feature, e.g. this region could be more exposed and, 
therefore, more immunogenic than other parts of the molecule. Many of these 
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I-domain monoclonal antibodies block the a L /3 2 /ICAM-l interaction, 
providing further evidence for the involvement of this domain in hgand binding. 
The domain could regulate binding by controlling the exposure of a cryptic 
binding site, or could function as a binding site itself. To test these options, 
we investigated the effect of recombinant aL ft I-domain (I-Fc) on the binding 
of T cells to ICAM-1 in an assay which is aL ft/ICAM-l dependent. I-Fc 
inhibited T cell binding to ICAM-1 (Fig. 2), whereas the control protein CD14-Fc 
had no effect on the assay; I-Fc also bound directly to immobilized recombinant 
ICAM-1 (Randi & Hogg 1994). 

Therefore there are at least two ICAM-1 binding sites on the a L subunit: 
one in the I-'domain and one in the divalent cation-binding domains V/VI. In 
addition, there is evidence for an RGD binding site at the N-terminus of the 
ft subunit, within an area that is highly homologous among all ftsubunits 
(Loftus et al 1990). This suggests that the ft subunit may also contribute to 
ligand binding. How all of these sites actually work together to bind the ligand 
is the next question. They may act in concert, as a sort of «maxi' ligand binding 
nocket or in sequence, with the binding to one site promoting interaction with 
a second site. With regard to this second possibility, the notion of sequential 
activation arises, with the interaction of ICAM-1 with one binding site on ttL ft 
leading to the exposure of a second site, resulting in more stable binding of 
the aTj3 2 /ICAM-l receptor pair (Cabanas & Hogg 1993). 

Rothlein- A lot of those antibodies against aL ft were screened functionally. 
This may be why they are directed against the I-domain, not because the I- 
domain is immunodominant. Have you tried blocking through the I-domain 

with peptides? . 

Hogg- We are in the process of doing that sort of experiment. 

Rothlein: Do your results indicate that the I-domain has stronger binding 
than domains V and VI? „i e «uwi, 

Hogg: Potentially, yes, but peptides from the domain V/VI region also block 
a T lymphocyte assay which measures aLft/ICAM-1 binding. 

Rothlein: Do they block the purified a-subunit if you do immuno- 

precipitation? . , , 

Hogg' The peptides each block the T cell assay but a peptide covering the domain 
V site also blocks in solution. This suggests either that there is a sequential inter- 
action between the binding sites (so if you block at any one point you block the 
entire interaction) or that they each critically contribute energy to the binding 
site (so that if you diminish one site of interaction you destabilize the whole site). 

Sonnenberg: If all these proteins were made by recombinant methods in 
bacteria, it means that they are not glycosylated. 

Hogg: The a L protein fragments are made in vitro m the standard 
reticulocyte lysate system, and the I-domain fragment is obtained from COS 
cells. However, the aj} 2 I-domain protein doesn't have any N-hnked 
glycosylation, nor does the domain V/VI region. 


)n III 

ion, 
ling, 
jptic 
ons, 
ding 
I-Fc 
4-Fc 
nant 

unit: 
L In 
f the 
units 
te to 
gand 
iding 
with 
:ntial 

<*L02 

lg of 

tally, 
he I- 
main 


iding 

olock 

tuno- 

>main 
inter- 
:k the 
ciding 
site). 
<ds in 

idard 
COS 
inked 


s 
s 
s 

N 


a 

o 
Q 


o o o o 

ro ro ro 
oo oo oo oo 



.> s 

K « 

2 « 
en *0 

. c .S 
*c3 IB 

6 - 
o • 

c o 

■J a 

52 

03 O 

£ a 

o J> 

1£ 


< 

u 


. S 
O ^ 

.S -g 
•° c 

o 1> 

« o 
o -c 


to 4> 

8.S 

"SI 

.2 2 -S 

« 0) S 

* e ts 


CO 


a t3 


a 

el 8 , 

. 2 .8 
O ** 

fcT3 O 


198 


Discussion 



FIG 2. T cell binding to recombinant ICAM-l-Fc. T cell binding is pressed as 
Srcentage of control binding. The inhibition of binding by a known anU-a^ £FA- 
^noHnnal antibodv (mAb 38) and by recombinant chimeric I-domam (I-f c) is 
Sown The pJotdn CD14-Fc does not affect binding Bars represent 

meT± standard deviation of triplicates of one experiment representative of five. 


Shaltiel: Is there synergism in the inhibition by the two sites? 
Hoez' We haven't yet done those experiments! 

Elices: Both Martin Humphries and Nancy Hogg have mentioned he 
importance of cation binding sites-what is the involvement of these in the 

bhl Hogg We found that binding to the domain V and VI site, at least, was not 
divalent-cation dependent (Stanley et al 1994). This was unexpected and raises 
the question of what the role of divalent cation action might be when bound 
to these domains . There are lots of examples in other proteins of divalent xations 
acting as modulators of tertiary or quaternary structure. So it is possible : that 
divalent cations don't affect the local secondary structure, but they might affect 
the relationship between the cc and 0 subunit of an integrin. This is just a 
SDeculation for which there is no evidence at present. 

Pober Given the fact that the domain V/VI peptides do not appear to have 
a particular affinity for ICAM, could they be binding to a^ 2 and be 
perturbing its structure by competing for an internal interaction? 

Hogg' That is an interesting idea. However, the fact that at least the domain 
V peptide can interfere with a truncated a-subunit fragment in solution does 
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indicate direct binding to ICAM-1 but we obviously cannot rule out the 
possibility that they are perturbing some other part of the structure. 

Humphries: I believe the cation sites are very important, but my feeling is 
that they probably do more than one job. There's a lot of evidence for a role 
for cations in the activation of integrins as well as some very good evidence 
for a role in ligand binding. In addition, I think they are critical for c*,jS 
orientation. Hence, in experiments where you mutate those sites, the 
interpretation of the results may be complicated. 

Elices: I take it from Nancy Hogg's comments that divalent cations might 
not be involved in the binding event per se. Rather, they may participate in 
sustaining the 3D structure. 

Hogg: Or, potentially, revealing the binding site. 

Humphries: You can't tell yet, there's not enough information. 
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Several integrin a subunits have structural variants that are identical in their extracellular 
and transmembrane domains but that differ in their cytoplasmic domains. The functional 
significance of these variants, however, is unknown. In the present study, we examined 
the possibility that the A and B variants of the <*6j81 integrin laminin receptor differ in 
function. For this purpose, we expressed the a6A and a6B cDNAs, as well as a truncated 
a6 cDNA (a6-ACYT) in which the cytoplasmic domain sequence was deleted after the 
GFFKR pentapeptide, in P388D! cells, an a6 deficient macrophage cell line. Populations 
of stable a6A, a6B, and a6-ACYT transfectants that expressed equivalent levels of cell 
surface a6 were obtained by fluorescence-activated cell sorter and shown to form heter- 
odimers with endogenous 01 subunits. Upon attachment to laminin, the a6A transfectants 
extended numerous pseudopodia. In contrast, the a6B transfectants remained rounded 
and extended few processes. The transfectants were also examined for their ability to 
migrate toward a laminin substratum using Transwell chambers. The a6A transfectants 
were three- to fourfold more migratory than the a6B transfectants. The a6-ACYT trans- 
fectants did not attach to laminin in normal culture medium, but they did attach in the 
presence of Mn 2+ . The a6-ACYT transfectants migrated to a lesser extent than either the 
a6A or a6B transfectants in the presence of Mn 2+ . The a6 transfectants differed significandy 
in the concentration of substratum bound laminin required for half -maximal adhesion in 
the presence of Mn 2+ :a6A (2.1 jig/ml), a6B (6.3 Mg/ml), and a6-ACYT (8.8 Mg/ml). Divalent 
cation titration studies revealed that these transfectants also differed significantly in both 
the [Ca 2+ ] and [Mn 2+ ] required to obtain half -maximal adhesion to laminin. These data 
demonstrate that the A and B variants of the a6 cytoplasmic domain can differentially 
modulate the function of the a6j81 extracellular domain. 


INTRODUCTION 

The role of integrin adhesion receptors as conduits for 
signaling information in and out of cells has been es- 
tablished in recent years (for review see Ginsberg et ah, 
1992; Hynes, 1992; Sastry and Horwitz, 1993; Schwartz, 
1993). Although the mechanisms of integrin signaling 
are poorly understood, one insightful set of findings is 
that integrin cytoplasmic domains play important reg- 


ulatory roles in both inside-out and outside-in signaling 
pathways (reviewed in Sastry and Horwitz, 1993). This 
conclusion has been derived largely from mutational 
analyses of integrin cytoplasmic domains. Such studies 
have shown that the 01 integrin cytoplasmic domain 
provides a critical linkage with the cytoskeleton that is 
essential for adhesion (Solowska et ah, 1989; Hayashi 
et ah, 1990; Marcantonio et ah, 1990; Reszka et ah, 1992). 
Similar studies have indicated that integrin a subunits 
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influence both receptor function and subsequent post- 
ligand binding events such as focal contact formation, 
migration, and gel contraction (Hibbs et al, 1991; 
OToole et al, 1991; Bauer et al, 1993; Briesewitz et al, 
1993; Kassner and Hemler, 1993; Kawaguchi and 
Hemler, 1993; Shaw and Mercurio, 1993; Ylanne et al, 
1993). One key problem that is highlighted by these 
observations is how information in integrin cytoplasmic 
domains is transmitted to both integrin extracellular 
domains and to signaling molecules inside the cell. 

Functional analyses of integrin cytoplasmic domains 
must consider the finding that many integrin subunits 
have structural variants that are identical in their extra- 
cellular and transmembrane domains but that differ in 
their cytoplasmic domains. This group includes the 01 
(Altruda et al, 1990; Languino and Ruoslahti, 1992), 
03 (van Kuppevelt et al, 1989), 04 (Hogervorst et al, 
1990; Suzuki and Naitoh, 1990; Tamura et al, 1990; 
Clarke and Mercurio, 1993), a3 (Tamura et al, 1991), 
a6 (Hogervorst et al, 1991; Tamura et al, 1991), and 
al (Collo et al, 1993) subunits. At least two structural 
variants exist for each of these integrin subunits. To 
date, most studies on integrin cytoplasmic domain vari- 
ants have not focused directly on function but have 
examined such things as their relative patterns of 
expression. For example, the A and B variants of both 
the a6 and a7 integrin subunits exhibit developmentally 
regulated expression patterns (Cooper et al, 1991; Collo 
et al, 1993; Ziober et al, 1993). The central issue that 
now needs to be addressed is whether cytoplasmic do- 
main variants of the same integrin exhibit differences 
in function. 

We have focused our efforts on the function and reg- 
ulation of the a6A and a6B cytoplasmic domain vari- 
ants. This work has involved the use of macrophages 
because adhesion to laminin is mediated by the a601 
integrin in these cells and this adhesion is markedly 
increased in response to inside-out signals (Mercurio 
and Shaw, 1988; Shaw et al, 1990). Expression of the 
<*6A and a6B cDNAs in an a6-deficient macrophage 
cell line, P388D W enabled us to determine that both the 
a6A01 and a6B01 integrin variants can be activated by 
inside-out signaling pathways (Shaw et al, 1993), A 
truncated a6 cDNA, a6-ACYT, was constructed in 
which the human cytoplasmic domain sequence was 
deleted after the GFFKR pentapeptide. Expression of 
this cDNA in P388D! cells resulted in the surface 
expression of a chimeric a6-ACYT01 integrin that was 
unable to mediate laminin adhesion or increase this 
adhesion in response to phorbol 12-myristate 13 -acetate 
(PMA) (Shaw and Mercurio, 1993). The a6A-ACYT 
transfectants adhered to laminin, however, when ex- 
tracellular Ca 2+ /Mg 2+ was replaced with Mn 2+ . A logical 
question that emerged from these studies is whether 
the a6A01 and a6B01 variants, as well as the a6- 
ACYT01 mutant, exhibit differences in their ability to 


initiate specific cellular functions subsequent to laminin 
attachment. 

In the present study, we observed that P388Di cells 
transfected with either the human a6A, a6B, or a6- 
ACYT integrin cDNAs differed markedly in their mor- 
phology on laminin and in their ability to migrate to- 
ward a laminin gradient. Subsequent analysis of these 
cr6 transfectants using a combination of laminin and 
divalent cation titrations revealed that they differed in 
their relative adhesive strength for laminin. Specifically, 
we found the following order of relative adhesive 
strengths: a6A01 > a6B01 > a6ACYT)81. These data 
suggest that specific sequences within the a6A and a6B 
cytoplasmic domains differentially modulate the func- 
tional activity of the a601 extracellular domain. 

MATERIALS AND METHODS 

Cells 

The P388D, mouse macrophage cell line was obtained from the 
American Type Tissue Collection (Rockville, MD). Cells were main- 
tained in RPMI containing 25 mM N-2-hydroxyethylpiperazine-N'- 
2-ethanesulfonic add (HEPES) buffer (RPMI-H) and 15% certified 
fetal bovine serum (GIBCO, Grand Island, NY). 

cDNA Ttansfections 

The human ce6A and oc6B cDNAs were cloned by polymerase chain 
reaction and subcloned into the eukaryotic expression vector pRc/ 
CMV as described previously (Shaw et al, 1993). The a6-ACYT mutant 
cDNA was constructed as described previously (Shaw and Mercurio, 
1993). The pRc/CMV vectors containing either the a6A, a6B, or a6- 
ACYT cDNAs, as well as the vector alone, were transfected into the 
P388D t cell line with Lipofectin (GIBCO). Neomycin-resistant cells 
were isolated by selective growth in medium containing G418 (0.4 
mg/ml) (GIBCO). The stable transfectants were pooled and popula- 
tions of cells that expressed the human a6 subunits on the cell surface 
were isolated by fluorescence-activated cell sorter (FACS). A human 
a6 integrin specific monoclonal antibody (mAb), 2B7, was used for 
this sorting and for subsequent analysis of the transfectants (Shaw et 
al, 1993). The sorting was repeated sequentially for each transfectant 
to enrich for homogeneous populations of cells expressing equivalent 
levels of the transfected a6 subunits on the cell surface. 

Flow Cytometry 

Transfected P388Dj cells were washed twice with phosphate-buffered 
saline containing 0.1% bovine serum albumin (PBS/BSA). Aliquots 
of cells (3 X 10*) were incubated for 30 min at 4°C with PBS/BSA 
containing murine IgG Fc fragment (6 Mg/ml) (Jackson Immunore- 
search, Avondale, PA). The mAb 2B7 was added at a concentration 
of 2 Mg/ml, and the cells were incubated for an additional hour at 
4°C The cells were washed three times with PBS/BSA and then 
incubated with goat F(ab') 2 anti-mouse IgG coupled to fluorescein 
(Tago, Burlingame, CA) for 1 h at 4°C. After washing three times 
with PBS/BSA, the cells were resuspended in PBS and analyzed using 
a FACScan (Becton Dickinson, Lincoln Park, NJ). 

Adhesion Assays 

Adhesion assays were performed as described previously (Shaw and 
Mercurio, 1993). Briefly, multiwell tissue culture plates (11.3 mm di- 
ameter) were coated overnight at 4°C with 0.2 ml of PBS containing 
murine Englebreth-Holm-Swarm (EHS) laminin at the concentrations 
indicated in the individual figure legends, laminin was purified from 
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the EHS sarcoma as described (Weinman et ai, 1982). The wells were 
then washed with PBS and 10 s cells in Puck's Saline A (200 m1) (Sigma, 
St. Louis, MO) containing 25 mM HEPES, and divalent cations were 
added to each well. For the laminin titration adhesion assays, 96-well 
nontissue culture-treated plates (Falcon, Lincoln Park, NJ) were used, 
and the wells were counter-coated for 3 h at room temperature with 
Puck's Saline A containing 1% BSA. BSA was also included in the 
incubation buffer during the laminin titration adhesion assays. After 
a 45-min incubation at 37°C, the wells were washed three times with 
Puck's Saline A at 37°C, fixed for 15 min with methanol, and stained 
with a 0.2% solution of crystal violet in 2% ethanol. The crystal violet 
stain was solubilized with a 1% solution of sodium dodecyl sulfate, 
and adhesion was quantitated by measuring the absorbance at 600 
run. For photomicrographs, the adherent cells were fixed in RPMI-H 
containing 3.7% formaldehyde for 15 min, permeabilized with meth- 
anol for 10 min, and then stained with crystal violet. 

Migration Assays 

Cell migration assays were performed using 6.5-mm Transwell cham- 
bers (8 pm pore size) (CoStar, Cambridge, MA). RPMI-H containing 
15 pg/ml laminin (0.6 ml) or Puck's Saline A containing 25 mM 
HEPES, 0.5 mM MnCl^ 0.1 mM CaCl* 1 mM L-Glutamine, and 15 
pg/ml laminin were added to the bottom well, and the filters were 
coated for ^30 min at 37°C. Cells were resuspended in the appropriate 
buffer at a concentration of lOYml, and 10* cells were added to the 
top well of the Transwell chambers. After a 24-h incubation, the cells 
that had not migrated were removed from the upper face of the filters 
using cotton swabs, and the cells that had migrated to the lower surface 
of the filters were fixed in methanol and then stained with a 0.2% 
solution of crystal violet in 2% ethanol. Migration was quantitated 
by counting using brightfield optics with a Nikon Diaphot microscope 
(Garden City, NY) equipped with a 16 -square reticle. The surface area 
of this grid was determined to be 1 mm 1 . Five separate fields were 
counted for each filter. 

To examine the Ca 2 * requirements for cell migration, ethylene glycol - 
bis(/9-aminoethyl ether)-N,N,AT,N'-tetraaceticacid (EGTA) was added 
to the RPMI-H at a concentration of 0.5 mM and the MgCl 2 concen- 
tration was increased to 2 mM. 2B7 was included in some assays at 
a concentration of 8 jig/ml to examine inhibition of migration. 

RESULTS 

In the studies described in this report, P388Di cells were 
used that had been transfected with either the human 
«6A, a6B, or mutant a6-ACYT integrin cDNAs. Popu- 
lations of cells that expressed equivalent levels of cell 
surface a6 were obtained by FACS using 2B7, a mAb 
specific for the human a6 integrin subunit (Figure 1). 
The levels of a6 expression on the cell surface of the 
transfectants were monitored by FACS analysis fre- 
quently, and only populations that expressed equivalents 
levels were used for comparative experiments. The a6A, 
a6B, and a6-ACYT subunits formed heterodimers with 
endogenous 01 subunits (Shaw and Mercurio, 1993). 

The a6A and a6B Transfectants Differ in Their 
Morphology on Laminin 

Both the a6A and a6B cDNAs are capable of restoring 
the ability of P388D a cells to adhere to a laminin sub- 
stratum (Shaw et ah, 1993). In the present study, how- 
ever, we observed that these two populations of trans- 
fectants differed markedly in their morphology after 
attachment to a laminin substratum (Figure 2). Specif- 



Log Fluorescence Intensity 

Figure 1. Surface expression of the human ot6A, a6B, and a6-ACYT 
integrin subunits in P388D, transfectants. Populations of transfected 
P388D, cells expressing either the a6A, a6B, or a6-ACYT subunits 
on the cell surface were isolated by sequential FACS using 2B7, a 
mAb specific for the human a6 integrin subunit, and then analyzed 
by flow cytometry. Neo, P388D| cells transfected with the vector alone. 


ically, 68% of the «6A transfectants extended pseu- 
dopodia compared to 20% of the a6B transfectants. In 
addition, the pseudopodia extended by the a6A trans- 
fectants were considerably longer than those extended 
by the a6B transfectants. The a6B transfectants exhib- 
ited a more rounded appearance than the a6A trans- 
fectants. This difference in morphology is specific to 
laminin because these transfectants exhibited a similar 
morphology when attached to a fibronectin substratum 
(Figure 2). 

The a6A and <x6B Transfectants Differ in Their 
Migration Toward Laminin 

Extensive pseudopod formation is characteristic of mo- 
tile cells (Trinkaus, 1984). For this reason, the a6A and 
a6B transfectants were examined for their ability to mi- 
grate toward a laminin substratum using Transwell 
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a6A a6B 



Figure 2. Photomicrographs of adherent P388D, transfectants. a6A- 
P388D, and a6B-P388Dt transfectants were allowed to adhere to either 
laminin or fibronectin substrata for 45 min. After washing, adherent 
cells were fixed and stained as described in MATERIALS AND 
METHODS. Stained cells were photographed using brightfield optics. 
Magnification, X2000. 


chambers. These migration assays were performed in 
the same medium, RPMI-H, that had been used to ex- 
amine their adhesion and morphology. The results ob- 
tained indicated that the a6A and a6B transfectants 
differed significantly (p < 0.01) in their ability to migrate 
toward a laminin gradient. As shown in Figure 3A, the 
a6A transfectants were three- to fourfold more migra- 
tory toward laminin than the a6B transfectants in a 
24-h assay. 

PMA did not increase the number of either the a6A 
or a6B transfectants that migrated toward laminin (Fig- 
ure 3 A). In fact, a slight decrease in the number of cells 
that migrated was often observed with PMA. This find- 
ing is in contrast to the marked increase in adhesion of 
these transfectants to larninin in response to PMA stim- 
ulation that we previously reported (Shaw et ah, 1993). 
The migration of both the a6A and a6B transfectants 
is a601 dependent because it was completely inhibited 
by 2B7 under all of the conditions examined (Figure 
3A). P388D! cells that were transfected with the a6 
cytoplasmic deletion mutant, a6-ACYT, did not migrate 
toward laminin under these conditions. This observation 
is consistent with our previous finding that the a6-ACYT 
transfectants did not adhere to larninin in RPMI-H 
(Shaw and Mercurio, 1993). P388Di cells transfected 
with the pRc/CMV vector alone also did not migrate 
(Figure 3A). 

The difference in migration that was observed for the 
transfectants was specific for laminin because the a6A, 
a6B, and a6-ACYT transfectants migrated to the same 
extent when fetal calf serum (15%) was included in the 
bottom well of the Transwell chamber (Figure 3B). It is 


interesting to note that these cells did not migrate toward 
fibronectin or collagen I in this assay. Presumably, the 
migration in serum refects their ability to migrate on 
vitronectin. 

The a6 Transfectants Differ in Their Relative 
Binding Strengths for Laminin 
One hypothesis that can be formulated to explain the 
data presented in the preceding sections is that the a6A 
and a6B transfectants differ in their relative adhesive 
strength for laminin. Such differences in adhesive 
strength can be detected by measuring the attachment 
of the transfectants as a function of increasing larninin 
concentration. Recent quantitative studies have dem- 
onstrated that the slope of the relationship between the 
strength of cell substratum attachment and the concen- 
tration of matrix protein increases with both increasing 
adhesion receptor number and affinity between adhe- 
sion receptor and matrix protein (Cozen-Roberts et al, 
1990; DiMilla et al, 1993). In our previous adhesion 
assays, we had used saturating larninin concentrations 
(20 Mg/ml) to coat the microtiter wells, and the possi- 
bility existed that differences in binding may not have 
been apparent at this concentration. 

To determine if the or6 transfectants differed in their 
relative adhesive strength for laminin, adhesion assays 
were performed using a range of larninin substratum 
concentrations. The assays were carried out using con- 
ditions that promote maximal adhesion (i.e., 0.5 mM 
Mn 2+ ) to discount the possibility that any observed dif- 
ferences could be attributed to differences in the re- 
sponse of these transfectants to inside-out signals. In 
addition, because the a6-ACYT transfectants can adhere 
to larninin in the presence of this cation, they could be 
examined in this assay as well (Shaw and Mercurio, 
1993). Populations of a6 transfectants were used that 
expressed equivalent levels of a6 on the cell surface 
(Figure 1) to exclude the possibility that any differences 
in adhesion could be attributed to differences in receptor 
number. At the highest concentration of larninin used 
(20 Mg/ml), all three of the transf ectant populations ad- 
hered at equivalent levels. However, the transfectants 
differed in the concentration of larninin that was re- 
quired for half -maximal adhesion (Figure 4A and Table 
1). The c*6A transfectants exhibited the strongest adhe- 
sion with half-maximal adhesion occurring at a con- 
centration of ~~2.1 Mg/nil of laminin. The a6B trans- 
fectants required 6.3 Mg/ntf of laminin for half-maximal 
adhesion, and the a6-ACYT transfectants exhibited the 
weakest adhesion with a half -maximal requirement of 
8.8 /ig/nil of lammin. The differences in the concentra- 
tion of laminin required for half-maximal adhesion of 
the a6A and a6B transfectants are significant (p < 0.05) 
(Table 1). These data indicate that the a6 transfectants 
differ in their relative adhesive strength for laminin. 

In response to PMA activation, the relative adhesive 
strength of the a6A transfectants increased only slightly 
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Figure 3. (A) Migration of a6A-P388D, , a6B-P388D„ and a6ACYT- 
P388Di cells toward a laminin substratum. RPMI-H containing laminin 
(15 Mg/ml) was added to the bottom well of a Transweil chamber (8 
f*M pore filters), and 10 s cells were added to the top well. After a 24- 
h incubation, the cells that had not migrated were removed, and the 
cells that had migrated onto the lower surface of the filters were fixed 
in methanol and then stained. Antibodies specific for a6 (8 Mg/ml) 
were included in the assays as indicated (±2B7). Migration was quan- 
titated by counting. The data shown are the mean values (±SD) of 
two separate experiments done in duplicate. (B) Migration of a6A- 
P388Dj, a6B-P388D„ and a6ACYT-P388Di cells toward fetal calf 
serum. RPMI-H containing serum (15%) was added to the bottom 
well of a Transweil chamber, and assays were performed as described 
for laminin. The data shown are the mean values (±SEM) of one 
experiment done in duplicate. 2B7, a6-specific mAb; Neo, P388Dj 
cells transfected with the expression vector alone; ■ control transfec- 
tants; ES, PMA-stimulated transfectants. 


(Figure 4B). However, the concentration of laminin re- 
quired for half-maximal adhesion of both the a6B and 
a6-ACYT transfectants decreased markedly to ~~2 Mg/ 
ml, a value similar to that observed for the a6A trans- 
fectants (Figure 4B). Thus, all of the transfectants ex- 


hibited similar adhesive strengths for laminin in re- 
sponse to PMA. The behavior of the a6-ACYT 
transfectants in this experiment does not conflict with 
our previous conclusion that this mutant cannot respond 
to PMA because in the present experiment adhesion 
was induced by the presence of Mn 2+ . Most likely, other 
targets of PMA such as cytoskeletal proteins strengthen 
Mn 2+ -induced adhesion of these cells. 

Ca 2+ Is Required for a6 -mediated Migration 
but Not Adhesion 

Because integrin heterodimers can differ in their Ca 2+ 
requirements for adhesion and migration (Grzesiak et 
al, 1992; Leavesley et al, 1993), we thought it important 
to examine the role of Ca 2+ in the behavior of the a6A 
and a6B transfectants on larrdnin. For this purpose, both 
adhesion and migration assays were performed in the 
presence of 0.5 mM EGTA to chelate extracellular Ca 2+ . 



Laminin (ug/ml) 


Figure 4. Laminin titration adhesion assays. (A) or6A-P388Di , a6B- 
P388D,, and a6ACYT-P388D 1 transfectants were assayed for their 
ability to adhere to a range of laminin substratum concentrations. 
Tissue culture wells were coated with EHS laminin (1-20 pg/ml) 
overnight and counter-coated with 1% BSA for several hours. Trans- 
fected cells (5 X 10 4 ) were resuspended in Puck's Saline A containing 
1% BSA and 0.5 mM Mn I+ and added to the protein-coated wells. 
After 45 min at 37°C, nonadherent cells were removed by washing, 
and adherent cells were fixed, stained, and quantitated as described 
in MATERIALS AND METHODS. (B) The adhesion assays were per- 
formed in the presence of PMA (50 ng/ml). The data shown are the 
mean values (±SD) from two experiments done in triplicate. 
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EGTA did not affect the viability of the cells (unpub- 
lished observation). The results obtained indicate that 
Ca 2+ is not required for adhesion of either the a6A or 
a6B transfectants to a laminin substratum (Figure 5A). 
In fact, chelation of Ca 2+ enhances the constitutive 
adhesion of both the a6A and a6B transfectants. This 
finding suggests that Ca 2+ is a negative regulator of a6j31 
function, a conclusion we deduced previously for peri- 
toneal macrophages (Shaw and Mercurio, 1993). In 
contrast to their adhesion, however, no migration to- 
ward laminin was observed for either the a6A or a6B 
transfectants when extracellular Ca 2+ was chelated 
(Figure 5B). Similar to the data shown in Figure 3, a 
three- to fourfold difference in the migration of the a6A 
and a6B transfectants was evident in the presence of 
Ca 2+ (Figure 5B). 

The a6 Transfectants Differ in Their Cation 
Sensitivity for Adhesion to Laminin 

Extracellular Mn 2+ (150 $iM) markedly increases the 
ability of the a6A-, a6B-, and a6-ACYT P388D, trans- 
fectants to adhere to laminin (Shaw and Mercurio, 
1993). Presumably, the interaction of Mn 2+ with diva- 
lent cation binding sites in the a6 extracellular domain 
increases the affinity of the a6/81 integrin for laminin 
(Sonnenberg et al., 1988; Shaw and Mercurio, 1991). 
In contrast, extracellular Ca 2+ negatively regulates the 
ability of these a6 transfectants to bind laminin (Figure 
5). Based on these observations, we reasoned that 
adhesion of the transfectants to laminin at a fixed Mn 2+ 
concentration could be inhibited by increasing concen- 
trations of Ca 2+ . Moreover, differences in the relative 
affinities of the a6 transfectants for Ca 2+ may be ap- 
parent in such an assay. As shown in Figure 6A, the 
a6A, a6B, and a6-ACYT transfectants exhibited the 
same amount of adhesion in the presence of 0.5 mM 
Mn 2+ and the absence of Ca 2+ . However, these trans- 
fectants did differ in the [Ca 2+ ] required to obtain half- 
maximal adhesion in the presence of 0.5 mM Mn 2+ . 
Specifically, the a6A transfectants exhibited half -max- 
imal adhesion at a [Ca 2+ ] of 5.5 mM, the a6B transfec- 
tants at a [Ca 2+ 1 of 1.8 mM, and the a6-ACYT trans- 
fectants at a [Ca* + ] of 0.8 mM (Figure 6B). The difference 
in the [Ca 2+ ] required for half -maximal adhesion of the 
a6A and a6B transfectants is significant (p < 0.05) (Table 
1). In the presence of PMA, the a6A and cr6B transfec- 
tants were both resistant to Ca 2+ titration at the con- 
centrations examined. However, although PMA in- 
creased the resistance of the a6-ACYT transfectants to 
Ca 2+ inhibition, they still exhibited sensitivity to Ca 2+ 
under the conditions examined (Figure 6C). 

In addition to the Ca 2+ titration experiment, we also 
performed a Mn 2+ titration to determine the concentra- 
tion of Mn 2+ required for half -maximal adhesion of each 
of the transfectants. All three transfectant populations 
adhered to laminin to the same extent at the maximal 


[Mn 2+ ] examined, 0.5 mM Mn 2+ (Figure 6A). Similar to 
the Ca 2+ titration data, the o6A, a6B, and a6-ACYT 
transfectants differed in the [Mn 2+ J required to obtain 
half-maximal adhesion. The a6A transfectants exhibited 
half -maximal adhesion at a [Mn 2+ ] of 14.7 /iM, the a6B 
transfectants at a [Mn 2+ ] of 33.5 fiM, and the a6-ACYT 
transfectants at a [Mn 2+ ] of 39.0 /*M (Figure 7). The 
differences in the [Mn 2 *] required for half-maximal 
adhesion of the a6 A and a6B transfectants and the a6B 
and a6-ACYT transfectants are significant (p < 0.05) 
(Table 1). 

Analysis of a6-ACYT Migration 

The ability of the a6-ACYT transfectants to migrate in 
normal culture medium cannot be assayed because they 
do not attach to laminin in the presence of physiological 
concentrations of Ca 2+ and Mg* + . Although these mu- 
tant transfectants adhere to laminin in the presence of 
Mn 2+ (Shaw and Mercurio, 1993), the use of this cation 
is complicated by the fact that Ca 2+ is required for mi- 
gration (Figure 5), and Ca 2+ negatively regulates Mn 2+ 
adhesion (Figure 6). However, it became apparent from 
the data in Figure 6 that at divalent cation concentrations 
sufficient to promote migration (0.5 mM Mn 2+ and 0.1 
mM Ca 2+ ), the ck6-ACYT transfectants adhered to lam- 
inin as well as the a6A and a6B transfectants. Under 
these conditions, the a6A transfectants were two- to 
threefold more migratory than the a6B transfectants 
(Figure 8), a difference similar to that observed in RPMI- 


Table 1. Summary of laminin and divalent cation titration data 

Control PMA 

[Laminin] required for half -maximal adhesion (ng/ml) 

a6A 
«6B 
ACYT 

2.1 ±0.4 1.8 ±0.3 
6.3 ± 0.3" 2.0 ± 0.2 
8.8 ± 0.6 b 2.2 ± 0.8 

[Ca 2+ ] required for half •maximal adhesion (mM) 

a6A 
a6B 
ACYT 

5.5 ±0.4 >10 
1.8 ±0.3' >10 
0.8 ±0.3 8.1 ± 1.9 

[Mn 2+ ] required for half -maximal adhesion (mM) 

a6A 
a6B 
ACYT 

14.7 ± 2.9 N.D. 
33.5 ± 0.5' N.D. 
39.0 ± 1.0 b N.D. 


Mean values values (±SEM) for the pamininj, [Ca 2+ ], and [Mn 2+ ] re- 
quired for half -maximal adhesion of the a6 transfectants to laminin 
were determined from the data shown in figures 4, 6, and 7. Statistical 
differences between pairs of transfectants were determined using 
Student's t test. 

• p < 0.05 in comparison to a6A. 
b p < 0.05 in comparison to «6B. 
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Figure 5. Ca 2+ requirements 
for a6pl dependent adhesion 
and migration. (A) a6A-P388D t 
and a6B-P388D! transfectants 
were resuspended in RPMI-H 
or RPMI-H containing 0.5 mM 
EGTA and 2 mM Mg 2+ and 
added to lanurun-coated wells 
at a concentration of 10 s cells 
per well. PMA (50 ng/ml) was 
added to some of the wells, and 
the multiwell plates were in- 
cubated for 45 min at 37°C 
After washing the adherent 
cells were fixed, stained, and 
quantitated as described in 
MATERIALS AND METH- 
ODS. The data shown are the 
mean values (±SD) from a rep- 
resentative experiment done in 
triplicate. (B) a6A-P388D, and 
ot6B-P388Di transfectants were 
resuspended in RPMI-H or 
RPMI-H containing 0.5 mM 
EGTA and 2 mM Mg 2 * and 
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added to the top well of a Transwell chamber. RPMI-H containing larninin (15 Mg/ml) was added to the bottom wells. After a 24-h incubation, 
the cells that had not migrated were removed, and the cells that had migrated onto the lower surface of the filters were fixed in methanol and 
then stained. Migration was quantitated by counting. The data shown are the mean values (±SD) from a representative experiment done in 
duplicate. Neo, P388D, cells transfected with the vector alone; ■, control transfectants; i3, PMA-stimulated transfectants. 


H (Figure 3). Interestingly, the a6-ACYT transfectants 
exhibited some migration toward larninin in the pres- 
ence of these divalent cations, but the amount of this 
migration was low in comparison to that observed for 
the a6A and a6B transfectants (Figure 8). The differ- 
ences that were observed for the migration of the a6A 
and <x6B transfectants under both control and PMA 
conditions are significant (p < 0.01). The differences in 
migration between the a6B and a6-ACYT transfectants 
were not found to be significant (p > 0.05). 

DISCUSSION 

The finding that multiple cytoplasmic domain variants 
exist for several integrin subunits has suggested that 
such variants differ in function. We have studied this 
possibility using the two known structural variants of 
the «6 integrin, a6A and a6B. For this purpose, we 
used P388Di cells that had been transfected with either 
the or6 A or a6B cDNAs and assessed their morphology 
on a larninin substratum and their ability to migrate 
toward a larninin gradient. The results obtained indicate 
that the a6A transfectants extend considerably more 
pseudopodia on larninin and are markedly better at mi- 
grating toward larninin than the a6B transfectants. Fur- 
ther investigation into the possible mechanism(s) re- 
sponsible for these differences revealed that the a6A 
and a6B transfectants differ in their adhesive strength 
for larninin. The a6A and a6B transfectants also exhib- 
ited relative differences in their divalent cation require- 
ments for adhesion. Taken together, these data indicate 


that sequences within the a6A and a6B cytoplasmic 
domains can differentially modulate the extracellular 
ligand and cation binding domains of the a6Aj81 and 
a6B01 receptors. 

The importance of a subunit cytoplasmic domains in 
regulating integrin function has been established by 
several labs including ours (Hibbs et al, 1991; O'Toole 
et al, 1991; Bauer et al, 1993; Briesewitz et al, 1993; 
Kassner and Hemler, 1993; Kawaguchi and Hemler, 
1993; Shaw and Mercurio, 1993; Ylanne et al, 1993). 
Deletion of the al, a4, and a6 cytoplasmic domains 
after the highly conserved GFFKR sequence abolished 
the ability of the mutant alfil, a401, and a601 integrins 
to mediate constitutive adhesion to their respective li- 
gands and to augment this adhesion in response to in- 
side-out signals (Kassner and Hemler, 1993; Kawaguchi 
and Hemler, 1993; Shaw and Mercurio, 1993). Deletion 
of other a subunit cytoplasmic domains either increased 
(allb [O'Toole et al, 1991]) or had no effect (aL, al, a5 
[Hibbs et al, 1991; Bauer et al, 1993; Briesewitz et al, 
1993; Ylanne et al, 1993]) on receptor activity, but some 
of these differences may be attributed to the fact that 
not all of these deletions were made at the same position 
in the cytoplasmic domain (Hibbs et al, 1991; O'Toole 
et al, 1991). The data we have obtained in this study 
indicate that the a6 subunit cytoplasmic domain not 
only is necessary for regulating integrin ligand binding 
function but that this regulation is sequence specific. 
This conclusion differs from that obtained in recent 
studies that used chimeric integrin subunits, which dif- 
fered only in their a subunit cytoplasmic domains, to 
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Figure 6. Ca a+ titration adhesion assays. Tissue culture wells were 
coated overnight with 20 jig/ml laminin. a6A-P388D„ a6B-P388D„ 
and a6ACYT-P388Di transfectants were resuspended in Puck's Saline 
A containing 0.5 mM Mn 2+ and Ca 2+ (0-10 mM) and added to the 
protein-coated wells at a concentration of 10 s cells per well. PMA (50 
ng/ml) was added to some of the wells, and the multiwell plates were 
incubated for 45 min at 37°C. After washing, the adherent cells were 
fixed, stained, and quantitated as described in MATERIALS AND 
METHODS. The data shown are the mean values (±SEM) from three 
experiments done in duplicate. (A) Adhesion in the presence of 0.5 
mM Mn 2+ ; (B) adhesion in the presence of 0.5 mM Mn and increasing 
[Ca 1+ ]; (C) same conditions as in B but in the presence of PMA. 
control transfectants; E3, PMA-stimulated transfectants. 


assess the contribution of these domains to integrin ac- 
tivity (Chan et ah, 1992; Kassner and Hemler, 1993; 
Kawaguchi and Hemler, 1993). Although these chimeric 
subunits exhibited different abilities to mediate migra- 
tion and gel contraction (Chan et al, 1992), they did 
not differ in their apparent ligand binding activity. Thus, 
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Figure 7. Mn 2+ titration adhesion assays. Tissue culture wells were 
coated overnight with 20 /ig/ml laminin. a6A-P388D„ a6B-P388D 1/ 
and a6ACYT-P388D, transfectants were resuspended in Puck's Saline 
A containing Mn J+ (0-1000 and added to the protein-coated 
wells at a concentration of 10 5 cells per well. The multiwell plates 
were incubated for 45 min at 37°C After washing the adherent cells 
were fixed, stained, and quantitated as described in MATERIALS AND 
METHODS. The data shown are the mean values (±SEM) from two 
representative experiments done in duplicate. 


the conclusion was drawn that the cytoplasmic domain 
of the a subunit is necessary for regulating receptor 
ligand binding but that the specific sequence of the a 
subunit cytoplasmic domain is not critical for this reg- 
ulation. In contrast, our data demonstrate that sequence 
differences between the a6A and a6B variants account 
for differences in the adhesive strength, morphology, 
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Figure 8. Effect of Mn 2+ on the migration of the a6 A-P388Dj , a6B- 
P388D,, and a6ACYT-P388D, transfectants toward laminin. Puck's 
Saline A containing 0.5 mM Mn 2 \ 0.1 mM Ca 2+ , and laminin (15 ^g/ 
ml) was added to the bottom well of a Transwell chamber (8 fiM pore 
filters). The transfectants were resuspended in Puck's Saline A con- 
taining 0.5 mM Mn 2+ and 0.1 mM Ca 2 \ and 10 5 cells were added to 
the top well. After a 24-h incubation, the cells that had not migrated 
were removed, and the cells that had migrated onto the lower surface 
of the filters were fixed in methanol and then stained. Migration was 
quantitated by counting. The data shown are the mean values (±SEM) 
of three separate experiments done in duplicate. ■, control transfec- 
tants; PMA-stimulated transfectants. 
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and migration of the a6 transfectants. These results are 
important because they provide a functional rationale 
for the existence of multiple cytoplasmic domain vari- 
ants of a specific integrin subunit. 

The relative adhesive strengths of the a6A, a6B, and 
a6-ACYT transfectants correlate well with their ability 
to extend pseudopodia and to migrate toward a laminin 
gradient. This behavior is consistent with the recent 
work of DiMilla et al (1993) that demonstrated that the 
ability of cells to migrate is a function of their initial 
attachment strength. More specifically, they observed 
a biphasic dependence of cell migration speed on sub- 
stratum adhesive strength, i.e., maximal migration oc- 
curs at an intermediate attachment strength. The a6A 
transfectants exhibited a stronger adhesive strength for 
laminin than the «6B transfectants, and they migrated 
three- to fourfold better than the a6B transfectants. This 
result suggests that the a6A transfectants are closer to 
their optimal adhesive strength for migration than the 
a6B transfectants. This correlation is strengthened by 
the finding that deletion of the a6 cytoplasmic domain 
resulted in a decrease in both attachment strength and 
ability to migrate toward laminin in comparison to the 
a6A and <*6B transfectants. Although PMA activation 
increased the adhesive strength of both the a6A and 
a6B transfectants for laminin, it caused a slight but re- 
producible decrease in the ability of these cells to mi- 
grate. Using the biphasic model, this observation could 
be explained by suggesting that PMA increases the at- 
tachment strength of the transfectants so that they ex- 
ceed the intermediate strength that is optimal for mi- 
gration. However, our data do not support this 
possibility because PMA activation increased the ad- 
hesive strengths of both the a6A and a6B transfectants 
for laminin to the same level, but the a6A transfectants 
still migrated three- to fourfold better than the c*6B 
transfectants. This result suggests that the a6A and a6B 
transfectants may differ not only in adhesive strength 
but in other requirements for migration such as those 
associated with outside-in signaling. 

The data obtained on the a6-ACYT transfectants in 
this study demonstrate that the a6 cytoplasmic domain 
plays a critical role in a6ffl -mediated migration. The 
a6-ACYT transfectants were significantly impaired in 
their ability to migrate toward a laminin gradient even 
in the presence of Mn 2+ , which promotes their attach- 
ment to laminin. Most likely, this behavior can be at- 
tributed to the emerging concept that migration on a 
matrix substratum requires a cascade of inside-out and 
outside-in signaling events that trigger cycles of integrin- 
mediated attachment and detachment (e.g., Regen and 
Horwitz, 1992; Dickinson and Tranquillo, 1993). Al- 
though the inside-out signaling requirement for the a6- 
ACYT transfectants can be obviated by Mn 2+ , the a6 
cytoplasmic domain is still necessary to transmit outside- 
in signals. Our observation that some migration of the 
a6-ACYT transfectants occurs in the presence of Mn 2+ 


suggests that the 01 cytoplasmic domain is sufficient to 
support a basal level of migration but that the presence 
of an a6 cytoplasmic domain significantly enhances this 
migration. Additional evidence to support a critical role 
for the a6 cytoplasmic domain in signaling migration 
is provided by the laminin and divalent cation titration 
studies. PMA shifted both the divalent cation sensitivity 
and adhesive strength of the «6-ACYT transfectants to 
levels that were observed for the a6A transfectants un- 
der constitutive conditions, but it did not increase their 
ability to migrate (Figures 4 and 8). As discussed above, 
such data suggest that the a6 cytoplasmic domain also 
facilitates the transmission of outside-in signals required 
for migration. 

The results presented in this paper should be com- 
pared to a recent study of the a6A01 and a6Bj81 recep- 
tors in K562 cells that concluded that the a6B trans- 
fectants adhered better to laminin than the a6A 
transfectants after PMA activation (Delwel et al, 1993). 
The disparity between our data and those of Delwel et 
al (1993) may be explained by the possibility that the 
cellular environments of K562 and P388D1 cells confer 
different properties on transfected integrins. This pos- 
sibility is supported by several studies that have dem- 
onstrated a role for the cellular environment in regu- 
lating integrin function (reviewed in Hynes, 1992). 

In addition to their differences in adhesive strength 
for laminin, the a6A and a6B transfectants differed in 
their divalent cation sensitivity for adhesion. All integrin 
a subunits contain three to five putative cation binding 
sites, and the activity of each aff heterodimer can be 
modulated by divalent cations (Staatz et al, 1989; Loftus 
eial, 1990; Altieri, 1991; Kirchhofer etal, 1991; Hynes, 
1992). The ability of cations to bind directly to these 
sites has been demonstrated for several integrin recep- 
tors (Gailit and Ruoslahti, 1988; Smith and Cheresh, 
1991, Michishita et al, 1993). Two recent studies ex- 
amined the functional significance of cation binding by 
mutating the divalent cation binding domains of the 
aM and a4 subunits (Masumoto and Hemler, 1993; 
Michishita ei al, 1993). These mutant receptors exhib- 
ited decreased cation sensitivity and diminished func- 
tional activity. Additional evidence to support the im- 
portance of divalent cations for integrin receptor 
activation has been the identification of antibodies that 
recognize divalent cation-dependent epitopes that are 
present only on activated receptors (Dransfield and 
Hogg, 1989; van Kooyk et al, 1991). These findings 
suggest that divalent cations can influence receptor 
conformation and in so doing, contribute to activation 
of receptor function. In this study, we used divalent 
cations to examine the relative activation states of the 
a6 transfectants. The data we obtained indicate that the 
a6A and a6B cytoplasmic domains can differentially 
modulate the Ca 2+ - and Mn 2+ -binding properties of the 
a6A and a6B transfectants respectively. Moreover, the 
divalent cation data provide additional evidence to 
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support the conclusion drawn from the laminin titration 
data that specific sequences within the a6 cytoplasmic 
domains influence the activity of the extracellular 
domains. 

An important question that arises from the data pre- 
sented is how the a6 cytoplasmic domain sequences 
influence adhesive strength and cation binding activity. 
In the simplest of models, it can be postulated that the 
a6 cytoplasmic domain sequence confers a specific con- 
formation on the extracellular domain. It would be pre- 
mature, however, to conclude that the a6 cytoplasmic 
domains regulate the laminin-binding affinity of a6j31 
in the absence of other molecules. This model, for ex- 
ample, would not account for the upregulation of re- 
ceptor function observed in response to PMA stimula- 
tion. It could be argued that posttranslational 
modification of the <x6 cytoplasmic domains alters re- 
ceptor conformation. However, the only known mod- 
ification of a6 is serine phosphorylation of the a6 cy- 
toplasmic domain (Shaw et al, 1990; Hogervorst et al, 
1993a), and we (Shaw and Mercurio, 1993) and others 
(Hogervorst et al, 1993b) have recently demonstrated 
that the two serine residues in this domain are not es- 
sential for upregulation of receptor function. For these 
reasons, the possibility that specific cytoplasmic/cy to- 
skeletal proteins interact preferentially with either the 
a6A01 or a6B01 cytoplasmic domains to facilitate or 
restrict receptor function should be considered. 

It is interesting to compare the results obtained in this 
study with several other studies that have examined the 
relative expression of the a6A and a6B variants. Such 
studies have noted, for example, tissue specific expres- 
sion of these variants (Hogervorst et al, 1993a). Also, 
the differentiation of mouse embryonic stem cells, which 
involves alterations in cell migration, is associated with 
a change from a6B to a6A expression (Cooper et al, 
1991). In one recent study of particular interest, a6A 
and a6B expression was examined by immunohisto- 
chemistry in the developing chick retina (de Curtis and 
Reichardt, 1993). A spatial distribution of the two a6 
variants was observed; the a6B subunit was expressed 
throughout the retina, whereas the a6A subunit was 
expressed only in a small region of the retina proximal 
to the optic nerve and on the optic nerve itself. This 
pattern of a6A expression may correlate with its re- 
quirement for migration of the optic nerve. Also, in- 
flammatory macrophages/ which are characterized by 
their ability to migrate toward specific stimuli, express 
only the a6A01 variant (Shaw et al, 1993). It appears 
from these observations that a correlation between a6A 
expression and motility may exist, and this correlation 
is supported by the mechanistic studies presented here. 

Two other integrins with laminin receptor function, 
a301 and al01, have structural variants that differ only 
in their a subunit cytoplasmic domain sequences (Ta- 
mura et al, 1991; Collo et al, 1993). The a3, a6, and 
al integrins share a higher sequence homology to each 


other than to other integrin a subunits and, for this 
reason, it has been hypothesized that they arose from 
a common ancestral gene (Sastry and Horwitz, 1993). 
An obvious question that arises is whether the structural 
homology among these a subunits is reflected in func- 
tional similarities. Specifically, it will be interesting to 
determine whether the A and B structural variants of 
the a3 and al subunits differ in their adhesive strength 
and ability to mediate migration or other cellular be- 
haviors given the results obtained with the a6 variants 
in this report. 

This paper is dedicated to the memory of Eric Holtz- 
man. 
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A cDNA for integrin fi 9 isolated from a human erythroleukaemia 
(HEL) cell library contained a 340 bp insert at position 1281. 
This mRNA, termed fi zc , results from the use of a cryptic AG 
donor splice site in intron 8 of the fi z gene, and is different from 
a previously described alternative fi t mRNA. The predicted open 
reading frame of fi ic stops at a TAG stop codon 69 bp 
downstream from position 1281. It starts with the signal peptide 
and the 404 N-terminal extracellular residues of fi v encompassing 
the ligand binding sites, followed by 23 C-terminal intron- 
derived residues, corresponding to a truncated form of fi z lacking 
the cysteine-rich, transmembrane and cytoplasmic domains. 


Expression of fi sc mRNA was demonstrated in human platelets, 
megakaryocytes, endothelial cells and HEL cells by reverse 
transcriptase/PCR. The fi sc transcript was also demonstrated in 
the mouse, suggesting its conservation through evolution. 
Finally, a 60 kDa polypeptide corresponding to the fi zc alter- 
native transcript was demonstrated in platelets by Western 
blotting using a polyclonal antibody raised against a synthetic 
peptide designed from the fi iC intronic sequence. Taken together, 
these results suggest a biological role for fi zc , the first alternative 
transcript showing an altered extracellular domain of a fi integrin. 


INTRODUCTION 

The integrins are a superfamiry of cell surface receptors that 
mediate cell-cell and cell-matrix adhesion [1-3]. They have 
become a subject of extensive study because of their profound 
biological importance in development, wound healing, met- 
astasis, inflammation, immune responses, and thrombosis and 
haemostasis [1,2]. Eight subfamilies of integrins have been 
described to date. All members within each subfamily share a 
common fi subunit, which is non-covalently associated with an a 
subunit. For example, in the fi s subfamily, a nb /? s (also termed 
GPIIb-IIIa), the fibrinogen receptor on platelets, and Oyfi z (also 
termed VNR), a vitronectin receptor expressed by several cell 
types, share the same fi s subunit. Some fi subunits such as fi % are 
more widely distributed than the associated a subunit (a,,^), 
which is restricted to platelets and cells of megakaryocyte 
potential [4]. The fi subunits of all integrins are remarkably 
similar in structure: a signal peptide at the N- terminus, a large 
extracellular domain containing ligand recognition sequence(s) 
and four cysteine-rich repeats, a transmembrane domain, and a 
short cytoplasmic tail at the C-terminus [1,5-18]. The amino acid 
sequences of all the fi subunits are highly similar, with specific 
structural features being conserved over a wide variety of species 
[19]. 

a UXj fi z mediates platelet aggregation via binding of adhesive 
proteins, mainly fibrinogen, fibronectin and von Willebrand 
factor [4]. Like other integrins, it provides a link between 
extracellular ligands and cytoskeletal components. The extra- 
cellular domain, particularly the N-terminal portion of the 
receptor, is involved in direct interactions with ligands. Residues 
109-171 of fi 9 are involved in the recognition of the tripeptide 
Arg-Gly-Asp [20,21], which is present in a number of matrix 
proteins and is of widespread importance in cell adhesion [2]. 
Residues 204-229 are also involved in fibrinogen binding [22]. 
Similarly, an a,^ extracellular sequence is involved in the specific 


recognition of the C-terminal dodecapeptide of the fibrinogen y 
chain [23], Binding of soluble ligands to o, Ib & requires a 
conformational change of the receptor, which is probably induced 
by intracellular signalling, maybe via the cytoplasmic tail of fi t 
[24], Another identified function of the cytoplasmic tails of fi 
integrins is incorporation into focal contact sites through inter- 
actions with cytoskeletal components, namely talin, vinculin and 
a-actinin for fi x and fi 9 [25], an essential step in the machinery 
linking the cytoskeleton and extracellular matrix. 

Aside from the many combinations of a and fi subunits, an 
additional mechanism that increases the diversity of the integrin 
superfamily is provided by alternative splicing. This has been 
described for both a and fi subunits [26-30]. Interestingly, in the 
latter case, all alternative transcripts so far described have 
contained the /? cytoplasmic tails. In the case of fi lt two alternative 
transcripts were found [28,29], one at least of which encoded a fi x 
cytoplasmic variant that is functionally different from regular fi lf 
as indicated by its non-incorporation into adhesion plaques [30]. 
In the case of fi s van Kuppevelt et al. [27] have reported an 
alternatively spliced mRNA which also generated an alternative 
cytoplasmic domain of fi z , but actual expression of a corre- 
sponding translation product. was never demonstrated. We report 
here a new fi t alternative transcript, the first fi integrin alternative 
mRNA which truncates the extracellular domain and excludes 
the cytoplasmic domain. We analyse its tissue expression at the 
mRNA level and demonstrate expression of a corresponding 
protein product. 

MATERIALS AND METHODS 
Cloning and sequencing 

A cDNA for fi zc was isolated from a human erythroleukaemia 
(HEL) cell cDNA library constructed in AgtlO [31]. It was 
subcloned either in M13mpl8 phage vector or in pBluescript 
phagemid (Stratagene, San Diego, CA, U.S.A.) for sequencing of 
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single-stranded DNA and double-stranded DNA respectively. 
Sequencing was performed by the dideoxy chain-termination 
method using Sequenase version 2.0 (USB, Cleveland, OH, 
U.S.A.); primers used were a universal M13 primer, T3 and T7 
primers, or oligonucleotides derived from the fi 9 cDNA sequence. 

Preparation of cells and tissues 

Human platelets were isolated as described [24], Megakaryocytes 
were isolated from human femoral bone marrow using the 
magnetic beads method [26] (informed consent was obtained 
from patients undergoing surgery). Briefly, sheep anti-mouse 
IgG conjugated to magnetic beads (Dynal A.S., Compiegne, 
France) was incubated with monoclonal antibody P s (Immuno- 
tech, Marseille, France), specific for the OL llt fi z complex, at room 
temperature for 30 min and then washed three times in RPMI- 
1640. Human bone marrow was aspirated through a 18-gauge 
needle and collected in RPM 1-1640 containing 200 units/ml 
heparin (Sigma) and 5 % fetal calf serum. The marrow suspen- 
sions were washed once in RPMM640 and then incubated with 
the Pj/sheep anti-mouse IgG/magnetic beads complex at room 
temperature for 30 min. Cells with surface-bound P,-beads were 
purified using a magnetic concentrator (Dynal A.S.) according 
to the manufacturer's instructions. About 30 % of the nucleated 
cells were megakaryocytes, as determined morphologically using 
Wright-Giemsa stains. HEL cells were obtained from the Ameri- 
can Type Cell Culture Collection, and were cultured as described 
[32]. Lungs and kidneys from adult 3T3 mice were immediately 
frozen in liquid nitrogen, and kept at — 80 °C until RNA 
extraction. 


RNA Isolation 

Total cellular RNA was isolated from human platelets, mega- 
karyocytes, smooth muscle cells and HEL cells as described [33], 
and from mouse lung and kidney using the guanidine isothio- 
cyanate method followed by ultracentrifugation [34]. RNA from 
human umbilical endothelial cells was generously provided by 
M. Nakache, Hopital Lariboisiere, Paris, France. 


Reverse transcription (RT)/PCR 

An initial single-strand cDNA was synthesized from 1 /tg (0.1 /*g 
for megakaryocyte RNA) of human total cellular RNA with 
200 units of Moloney murine leukaemia virus reverse tran- 
scriptase (BRL) and 1 /*M primer E, (5'-CACAGATGCTC- 
CAGGACAAA-3'; complementary to nucleotides 1322-1303 of 
fi iC mRNA, i.e. nucleotides 41-60 of intron 8 of the fi t gene 
[35,36]). PCR was performed essentially as previously described 
[24] in a final volume of 100 fi\ containing 200 nM each of 
primers E, and F 8 (5-AACTATAGTGAGCTCATCCC-3' ; 
corresponding to nucleotides 1056-1075 of ft z mRNA, and exon 
7 of the gene), 200 pM of each dNTP, 50 mM KC1, 10 mM 
Tris/HCl (pH 8.3), 2.0 mM MgCl t , 0.01 % gelatin and 2.5 units 
of Taq DNA polymerase (Amersham-France, Les Ulis, France). 
After 5 min at 95 °C enzyme was added, and then PCR was 
performed for 30 temperature cycles (each of 94 °C/ 1.5 min, 
55 °C/1.5 min and 72 °C/3 min steps; the last cycle included a 
10 min/72 °C step) in an IHB thermal reactor (Hybaid Ltd., 
Teddington, Middlesex, U.K.). Genomic DNA PCR was per- 
formed under the same conditions, except that 1 mM MgCl s was 
used. 

Reverse transcription and PCR amplification of fi sc mRNA 
from total RNA of mouse kidney and lung were performed as 


described above using primer E, (human intron 8) and primer F^ 
(5-CCCCACCACAGGCAATCAA-3), which is derived from 
the sequence of mouse fi z mRNA [34] and corresponds to 
nucleotides 599-617 (exon 3) of human f$ z mRNA. To prevent 
artefactual co-amplification of the human sequence, mouse 
primer Fjg was chosen because it exhibits four base differences 
from the corresponding human sequence. The annealing tem- 
perature in the PCR programme was elevated to 60 °C to prevent 
misannealing. 

Production and characterization of anti-^ antibodies 

To examine whether the fi zc mRNA was translated into an actual 
polypeptide, rabbit polyclonal antibodies were prepared against 
the synthetic peptide CPGASVGTGPPFFLL, corresponding to 
the C-terminal residues of the presumably translated intronic 
sequence of fi 3c . The peptide was synthesized using a standard 
protocol with a Milligen 9050 apparatus (Waters). An immuno- 
gen was obtained by incubating 1 5 mg of the peptide and 1 5 mg 
of keyhole lympet haemocyanin overnight at 22 °C in the dark in 
the presence of 0.06% glutaraldehyde in 15 ml of phosphate 
buffer. No attempts were made to characterize the immunogen 
further. The conjugate (3 mg in 3 ml of saline) was emulsified 
with 3 ml of Freund's complete adjuvant (Difco, Detroit, MI, 
U.S.A.), and 2 ml was injected subcutaneously into each of two 
rabbits. The first injection booster was given 6 weeks later 
(200 fig per animal), and rabbits were bled weekly. Boosters were 
performed every month and the same follow-up protocol was 
used. Antisera were tested (titre and sensitivity) in a competitive 
e.l.i.s.a. using the /? 3C synthetic peptide covalently linked to 
acetylcholinesterase using the heterobifunctional reagent succini- 
midyl 4-[W#-maleiirudomethyl)cyclohexane-l-carboxylate as 
tracer, as previously described [37]. The antiserum with optimal 
sensitivity was selected by its ability to displace the tracer with 
the p zc peptide. 

Western blot analysis 

Platelet proteins (30 /tg per lane) were separated by SDS/PAGE 
and blotted on to nitrocellulose according to standard pro- 
cedures. Membranes were stained with Ponceau Red (5%) and 
then blocked overnight in 20 mM Tris, pH 7.6, 400 mM NaCl, 
0.15 % Tween-20 and 5 % fat-free dry milk (Gloria, Courbevoie, 
France) at 4 °C. Incubations with primary antibodies were carried 
out overnight under mild agitation at 4 °C in the same buffer 
(TBS/Tween/milk). Where required, presaturation of the anti- 
bodies (serum diluted 1000-fold) by the synthetic peptide 
(100 /tg/ml) was achieved in the same buffer at 4 °C overnight. 
Washes were for 4 x 10 min in TBS/Tween/milk and 2 x 20 min 
in TBS/Tween. Bound antibodies were detected by the ECL 
technique (Amersham-France) according to the manufacturer's 
instructions. Briefly, the secondary affinity-purified anti-rabbit 
IgG coupled to horseradish peroxidase was incubated in 
TBS/Tween/milk at a 1 : 5000 dilution for 30 min at room 
temperature. Washes were for 2x15 min and 2x5 min in 
TBS/Tween. Peroxidase activity was revealed by H 2 0 2 and 
Luminol followed by film exposure (autoluminogram) for be- 
tween 30 s and 15 min. 

RESULTS 

Nucleotide and corresponding amino acid sequence of fi x 

The nucleotide sequence of fi zc cUNA is identical to that of yff 3 
cDNA [7,31,38], with the exception of a 340 bp insertion at 
nucleotide position 1281 (Figure la). The open reading frame is 
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(a) 1280 1281 

ft 

/l ctc aag tct tgt aug gga ctc aag att gga gac acg gtg agc ttc agc att gag gcc aag gtg cga ggc 
^lkschglkigd tvsfsiba'kvrg 


1280 1621 

ft 

CTC AAG TCT TOT ATG GGA CTC AAG ATT GGA GAC ACG GTG AGC TTC AGC ATT GAG GCC AAG GTG CGA GGC 



gtg agg tgg get ggg cag ggc ctt tgt cct gga gca tct gtg ggc acc caa ccc cct ttc ttc ctt ttg 
VRWAGOGLCPGASVGTGPPFFLL 

tag tgactaaaaatggcccccttccaccagaaaaaaaaatatgggcaagaaaaatacgtttcctgaaagtcattctaagttagatgtaa 
t ggatcc accaa tc 1 1 1 tcctctgaggc ttctgt tgcgt aaccgat t tc t gt tacgtgaacttcact c tc aggaat 1 1 gaaa aact t acaa 
tttggttacctttgtttgtgtatgcacagttgattgcaaaggaaaatatttctttaccttcagtccctcaccagtcgccagcctttccaag 

(b) 1620 


ft gene 


-//- 


mRNAs 
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++ 


6789 


1011 12 
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RQuro 1 (a) Partial eONA and deduced amino add sequence of fi w and (b) splicing patterns otp w p K end fi 9 

(a) Nucleotide positions are indicated by numbers and arrows. Amino acids are indicated in the single-letter code. Part of the published p l sequence is shown for comparison [7,31 ,38]. The 340 bp 
internal sequence in fi K indicated in lower case letters is not found in fa The open reading frame of fi x extends within this sequence for 69 nucleotides before reaching a TAG stop codon. 

(b) exons and corresponding sequences in mRNA; E3, alternatively spliced-in parts of the introns; 0, signal peptides and transmembrane domains. The splicing at the usual sites results 
in the longest open reading frame (788 amino acids) of fa with the transmembrane and cytoplasmic domains. The splicing in of the 5' part of intron 8 results in an alternative form, fi^ with 
a frame shift leading to premature termination. The intron 13-in and exon 14-out form of splicing previously reported [27] results in with an alternative cytoplasmic domain. 


not interrupted by the inserted sequence, but extends within the 
intervening sequence until a premature TAG stop codon, 69 
nucleotides downstream from position 1280. Therefore ft zc 
cDNA encodes a putative protein composed of the 26-amino- 
acid signal peptide, the first 378 N-terminal amino acids of 
mature fi s , and an additional C-terminal 23 amino acids encoded 
by the inserted sequence. However, it does not contain the 
cysteine-rich repeats, or the transmembrane and cytoplasmic 
domains of fi r Thus the putative fi zc polypeptide could cor- 
respond to a secretable subspecies of fi r No sequence identity 
could be found between the C-terminal 23 amino acids of fi sc and 
sequences in the GenBank, NBRF and SwissProt data bases. 
Within this protein there are 14 cysteine residues, one of which 
lies within the C-terminal 23 intron-derived amino acids; the 
remaining 1 3 are in the upstream sequence. There are also three 
potential N-linked glycosylation sites. 

Comparison of fi K with p % and fi u 

Comparison with the genomic sequence of fi s showed that the 


340 bp insert of the fi zc cDNA corresponds to the first 340 bases 
of intron 8 of the fi t gene [35] (Figure lb). Hence this cDNA 
corresponds to a fi z mRNA containing intron 8 which is 
alternatively spliced at a cryptic GT donor site, located 340 bp 
downstream from the regular donor site of fi 3 at the exon 
8/intron 8 boundary [35,36] (Figure lb). The AG acceptor site at 
the intron 8/exon 9 junction of fi zc is the same as for the regular 
splicing of I, [36]. An additional nucleotide A at position 1388 in 
the non-coding portion of the fi ic mRNA was not found in the 
published sequence of the£, intron 8 [35]. Whether this represents 
a polymorphism remains to be investigated. 

fi ic differs from a previously reported alternative transcript 
that we term fi ZB [27]. The latter has the same sequence as fi z prior 
to nucleotide position 2322, after which it diverges. In contrast to 
fi sc , fi iB contains neither the sequence from intron 8 nor the 
sequence from exon 14, but instead contains the 5' part of 
intron 13 as a result of the non-splicing of intron 13, within 
which there is a AATAAA polyadenylation site. The putative 
protein encoded by & B would be a subspecies of fi ZA with an 
alternative cytoplasmic domain, contrary to the £ 8C subspecies 
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Figure 2 Detection of P K mRNA by the RT/PCR method 

Total RNA prepared from human platelets, megakaryocytes. HEL cells and endothelial cells was 
reverse-transcribed. The resulting cDNAs were amplified by PCfl. Primer E, is derived from the 
spliced-in intronic sequence so as to amplify fi x cDNA rather than fa cONA. The PCR products 
were analysed by ethidium bromide staining of a 1.5% agarose gel. Lane a, ^X1 74///a&lll-cut 
standard (Pharmacia. Uppsala, Sweden); lanes b, d, f and h are PCR amplifications of human 
platelets, megakaryocyte-enriched bone marrow cells, HEL cells and endothelial cells 
respectively ; lanes c, e. g and I are control amplifications of the same cells, but without reverse 
transcriptase; lane j is the amplification of the genomic DNA from human peripheral leucocytes. 


a b c d e 



Figure 3 Detection of mouse P K mRNA by RT/PCR 

Total RNA prepared from mouse kidney and tung was reverse-transcribed. The resulting cDNA 
was amplified by PCR. Primer E, was described in the legend to Figure 2. Primer F K is derived 
from mouse fa cDNA [34). The combination of the two primers specifically amplified cDNA 
from mouse fi x mRNA. The PCR products were analysed by ethidium bromide staining of 1.5% 
agarose gel. Lane a, #X1 74//teff Ill-cut standard; lanes c and e, amplifications of mouse kidney 
and lung respectively; tane b and d, control amplifications of the same tissues, but without 
reverse transcriptase. The drawing on the right represents relative positions of the primers 
relative to exons (■) and intron 8 in fi x mRNA. 


which does not contain the transmembrane and cytoplasmic 
domains (Figure lb). 


Detection of fi K mRNA by PCR 

We did not detect the fi sc transcript by the conventional Northern 
blotting method, either because of a low level of expression or 
because it is of a size too close to that of the regular transcript. 
We thus decided to use RT/PCR. An initial single-stranded 
cDNA for fi zc was reverse-transcribed from total cellular RNA 
using primer E,, which is specific for intron 8 and therefore 
cannot prime regular fi iA mRNA. This cDNA was then amplified 
by PCR after addition of primer F 3 , which was designed from 
exon 7. Amplification of fi s transcripts could therefore be 
distinguished from amplification of potentially contaminating 
genomic ft t sequence, since primer F, was separated from E, by 
intron 7. fi iC mRNA was detected as a 276 bp PCR product in 
platelets (Figure 2, lane b), in megakaryocyte-enriched bone 
marrow cells (lane d), in HEL cells (lane 0 and in endothelial 
cells 0ane h). This 276 bp PCR product hybridized with a fi z 
cDNA after Southern transfer, confirming its identity (results 
not shown). fi iA mRNA was expressed in all cells examined 
(results not shown). Thus y? 8C RNA message is present in these 
cells and does not represent a cloning artefact from the HEL 
cDNA library. 


(kDa) 1 2 3 4 5 



Figure 4 Detection of the fi K polypeptide product by Western blotting 

Platelet proteins (30 /*g per lane) were separated by SDS/PAGE and blotted on to nitrocellulose 
membranes. Transferred proteins were reacted with specific antibodies, and bound IgG was 
detected with a secondary anti-rabbit IgG antibody coupled to horseradish peroxidase by the 
Luminol method and autoluminography. The exposure time was 30 s. Lane 1, polyclonal anti- 
l u (anti-GPtlla) antiserum (1 : 20 000 dilution); lane 2, non-immune serum (1 : 1000 dilution); 
lane 3, anti-r^ synthetic peptide) (1:1000 dilution); lane 4, anti-^ antibody (1:1000) 
preincubated with an excess of fi x synthetic peptide (100 /tg); lane 5, non-immune serum. 
The arrow on the left indicates the 60 kDa band detected by anti-(l x synthetic peptide) in tane 
3. which disappears in the presence of excess free peptide in lane 4. Bands above and below 
correspond to background signal, since they are not sensitive to excess synthetic peptide. 


Detection of mouse fi K mRNA 

To investigate whether fi iC mRNA is conserved in evolution, we 
amplified fi ic mRNA using the human intron 8 primer E, and the 
mouse primer (corresponding to human exon 3) from the 
total RNA of mouse kidney and lung (Figure 3). A 772 bp 
product was obtained, indicating the presence of a mouse fi iC 
mRNA. Amplification was restricted to mouse fi ic mRNA, since 
primer was derived from the mouse fi s sequence and contained 
four mismatches with the human fa mRNA [34]. Primer E p 
which is derived from the human intronic coding sequence of fa c 
mRNA, was used for direct testing of the presence of related 
intronic mouse sequence. The size of the product obtained was 
identical to the predicted distance between the two primers on 
the human fi 3C cDNA, and further suggests that mouse fa c 
mRNA is very similar to its human counterpart. 


Demonstration of a 60 kDa protein corresponding to the 
translation product of fi K 

Both its expression in normal tissues and its presence in at least 
one other species suggested biological significance for the fa c 
transcript. We therefore decided to examine whether a protein 
product corresponding to fa c was synthesized in normal tissues. 
Figure 4 shows a Western blot of whole platelet proteins treated 
with an anti-/ff sc specific antibody raised against a synthetic 
peptide designed from the last 15 residues of the ft iC intronic 
sequence (lane 3) or the same antibody saturated with an excess 
of fi sc synthetic peptide (lane 4). A single band of 60 kDa was 
detected with the anti-/? sc antibody, which disappeared when the 
antibody was preincubated with an excess of fa c synthetic 
peptide. This result demonstrated that the fa c transcript was 
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translated into a polypeptide, further supporting its functional 
relevance. 

DISCUSSION 

We have identified a new alternative transcript for integrin fi t . 
Alternative mRNA splicing is a mechanism known for providing 
diversity in protein function and in the regulation of numerous 
genes [41]. It is therefore of potential interest to examine the 
exact nature of the alternative transcript of a given mRNA, its 
protein product and in some cases its regulation. The alternative 
fi zc mRNA which we identified in this study is due to the 
differential selection of a cryptic GT splice donor site 341 bp 
downstream from exon 8, resulting in the splicing in of 340 bp of 
the 5' part of intron 8 of the fi z gene. The corresponding AG 
acceptor splice site is the same as that for regular fi z mRNA 0?, A ) 
proposed by Lanza et al. [36], but is different from that proposed 
by Zimrin et al. [35]. In fact, the difference between the two 
propositions is a 5 bp shift for both the AG acceptor and GT 
donor sites, which does not affect the corresponding amino acids. 

Alternative transcripts for integrin fi subunits have been 
reported in the past, including two fi x isoforms [28-30], one fi z 
[27] and one y? 4 [39] mRNA, leading to different cytoplasmic 
domains. All of these fi integrin alternative mRNAs were 
generated by skipping of the last exon by non-splicing of the last 
intron or premature termination of transcription within the 
intron. This intron was in turn transcribed up to an alternative 
polyadenylation site. The mechanism described here for fi zc 
mRNA is very different, because there is no exon skipping or 
premature transcription termination, but partial splicing of 
intron 8 by use of a cryptic GT donor splice site, leaving the 5' 
one-third of the intron unspliced. Moreover, the major difference 
in the present fi zc alternative sequence, in addition to the 
difference in terms of mechanisms, is that it is the first alternative 
transcript of a fi integrin that differs in the extracellular region, 
and should lead to a truncated form of fi ZA with no cytoplasmic 
or transmembrane domains. 

The fi zc mRNA was detected by RNA PCR in platelets, 
megakaryocytes, endothelial cells and HEL cells. Because of the 
intronic nature of primer E„ which restricted the amplification to 
the mRNA containing the corresponding sequence, the amplifi- 
cation was specific for fi zc . Attempts to detect the fi zc transcript 
by Northern blotting failed (results not shown). The simplest 
explanation is that fi zc is a minor transcript, as suggested by its 
weak PCR signal compared with fi v and is therefore difficult to 
detect by the less sensitive Northern blotting method. Inter- 
estingly, a recent report using the B16a mouse cell line showed 
the presence of several fi z bands (9, 7 and 6 kb) [40]. It is tempting 
to speculate that the 7 kb band represents fi zc , since mouse fi ZA 
has a mobility close to 6 kb [32]. 

Intron-cbntaining mRNA precursors that are slowly processed 
[41] can be easily detected by PCR. However, fi zc mRNA is not 
merely an unmatured precursor, since it is the product of the 
processing of intron 8 through use of a cryptic GT donor site, 
leaving only the 5' third of the intron unspliced. In addition, the 
fact that an identical alternative transcript exists in mouse 
further indicates that fi zc is an actual transcript and not a 
partially processed fi z mRNA precursor. 

Our finding that fi zc alternative mRNA was also expressed in 
the mouse is highly significant, and further suggests that fi zc is 
biologically relevant. None of the several alternative fi integrin 
transcripts previously reported in the literature were shown to be 
conserved in evolution. This emphasizes the potential importance 
of the fi zc transcript and prompted us to examine the possible 
expression of a corresponding protein product. Because of the 


splicing in of the 340 bp intronic sequence, the open reading 
frame of fi sc mRNA is shifted, and stops at a premature TAG 
stop codon 69 bp downstream from exon 8, thus encoding 23 
new C-terminal amino acids. We used this predicted sequence to 
produce a synthetic peptide and raise an antibody specific for the 
putative fi zc polypeptide. We found that fi zc resulted in expression 
of a 60 kDa polypeptide in platelets. The size of this polypeptide 
is slightly higher than the 50 kDa predicted from the amino acid 
sequence, suggesting that it is glycosylated, in agreement with the 
three N-glycosylation sites present in the fi zc sequence. 

Both the conservation of fi zc and, most importantly, its 
translation into a polypeptide, argue strongly in favour of its 
potential biological significance. The function(s) of this protein 
may be inferred from its structural features. (1) It lacks a 
transmembrane domain; since it contains the fl z signal peptide, 
it could be either secreted constitutively or targeted to the a- 
granules as a secretory protein. Although fi zc encompasses 
residues 1 10-350, which seem to be involved in the association 
with aj Ib [42], the substantial structural differences from fi z and 
the absence of the cysteine-rich domain render this association 
with ct, Ib questionable. (2) fi zc lacks the cytoplasmic domain and 
therefore cannot interact with cytoskeletal proteins; as a conse- 
quence, even if it associated with a ]Ib or aty, it would probably 
not be incorporated into focal adhesions, a phenomenon in- 
dependent from integrin a subunits [25]. (3) It must lack the tight 
structure of ft integrins conferred by the cysteine-rich domain 
that is absent from fi zc . Though no particular function has been 
attached to the integrin cysteine-rich domain, it is likely to play 
a fundamental structural role, since it is conserved throughout 
evolution and across the whole superfamily [1]. (4) fi zc may bind 
RGD-containing adhesive ligands, since it encompasses the 
ligand-binding domains of fi z represented by residues 91-171 and 
211-222 [20-22]. 

p zc shows considerable overall structural differences from fi ZA 
which probably result in distinct ligand-binding characteristics. 
In fi zc the capacity to bind fibrinogen should be preserved, but its 
ability to be activated through conformational change may be 
lost. Speculation on a potential role for this fi zc polypeptide is 
tempting; for example, secreted fi zc could act as a competitive 
inhibitor of fibrinogen (or other adhesive ligand) binding to 
a mA or a vA» an d thus contribute to the regulation of platelet 
aggregation, or of adhesion to the extracellular matrix, or else to 
endothelial cell migration. Experiments are now under way to 
test this hypothesis. 
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Within the integrin family, there are two groups of 
receptors that bind laminin. One of these groups com- 
prises the heterodimers or301, or 601, and a701, all of 
which bind the E8 fragment of laminin, and whose a 
Bubunits show significant homology at the amino acid 
sequence level. a3 and a6 exist as isoforms with dis- 
tinct cytoplasmic domains (termed A and B), suggest- 
ing that they may couple laminin adhesion to distinct 
cellular responses. We report the identification of a 
new al mRNA which encodes an al protein isoform 
with an alternative cytoplasmic domain. Based on ho- 
mology with ce3 and aS isoforms, this new isoform is 
classified as a7A and the previously published one as 
a7B. This result extends the similarity between a3, a6, 
and al laminin receptor subunits and suggests a com- 
mon ancestral gene. 

The a701 laminin receptor was proposed to be in- 
volved in myogenic differentiation. However, al iso- 
forms were not investigated in that context. We de- 
tected the a7B isoform mRNA in all tissues and cell 
types tested, including myocardial and skeletal muscle. 
In contrast, the <x7 A isoform was detectable exclusively 
in skeletal muscle, not in myocardial muscle or cells or 
any other tissues or cell lines tested. Furthermore, the 
differentiating skeletal muscle cell line C2C12 ex- 
pressed only a7B at the replicating myoblast stage and 
acquired al A expression upon induction of differentia- 
tion and fusion. Splicing of a7B mRNA in C2C12 oc- 
curred shortly after myogenin expression and could be 
an indicator of progression through the program of 
skeletal muscle differentiation. 


Cell-cell and cell-extracellular matrix interaction are im- 
portant in the control of many biological events such as cell 
proliferation, differentiation, and migration (1-3). These 
events are mediated in part by integrins (4). Integrins are 
heterodimeric cell surface receptors composed of two nonco- 
valently associated transmembrane subunits, a and 0 (5). At 
present, 8 0 and 14 a subunits have been identified. The 
association of a and 0 subunits generate about 20 different 
receptors (6). The integrin extracellular domain forms a li- 
gand-binding site recognizing one or more extracellular li- 
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gands or counter-receptors on other cells (6), and the cyto- 
plasmic domain is known to interact with cytoskeletal pro- 
teins. In several subunits, alternatively spliced cytoplasmic 
domains have been identified, including 01 (7, 8), 03 (9), 04 
(10, 11), a3 (12), and a6 (12, 13). 

The integrin al subunit has been cloned recently and 
sequenced (14). It was originally identified by immunofluo- 
rescence in skeletal muscle and cardiac muscle cells as a 
developmentally regulated cell surface antigen (15). It is ex- 
pressed in replicating myoblasts and expression increases 
during terminal differentiation. It is regulated by diBtinct 
mechanisms during muscle development (14, 16, 17) and is 
not detectable in developmentally defective myoblasts (14) or 
under conditions that inhibit myoblast differentiation (17). 
Murine myoblasts use the al subunit in association with 01 
to bind laminin (18). In fact, laminin, but not collagen or 
fibronectin, has been shown to be important to maintain 
myoblast proliferation in vitro (19, 20). 

The integrin al subunit has significant homology with the 
a3 and a6 subunits (14), and like a 3 and a6 it associates with 
the 01 subunit (18), forming a subgroup within the integrin 
family (6). a701, like a 3/31 and o601, binds to the E8 fragment 
of laminin (18, 21). On the basis of these similarities, we 
postulated the existence of a structural variant of al contain- 
ing a distinct cytoplasmic domain as has been shown for a6 
and a3 (12). 

In the present study we report the identification of a new 
al isoform with an alternative cytoplasmic domain that we 
classify as a7A based on homology with the a3 and «6 
isoforms. This result extends the similarities among a301, 
a601, and a701 laminin receptors and suggests that they are 
descendants of a common ancestral gene. The new al isoform 
is detectable exclusively in skeletal muscle. It is absent in 
cardiac muscle and in other tissues or cell lines tested. Its 
expression is concurrent with myoblast differentiation. Cor- 
relation of differential isoform expression with changes in cell 
morphology during skeletal myogenesis suggests a role for al 
in development, perhaps by coupling specific cellular re- 
sponses to laminin through mediation of distinct interactions 
with cytoplasmic components. 

EXPERIMENTAL PROCEDURES 

Mouse Tissues — Tissues were dissected from 6-month-old female 
CB6/F1 mice, outbred from C57BIack6 and BALB/c (Jackson Lab- 
oratories, Bar Harbor, ME). Tissue specimens were snap-frozen in 
liquid nitrogen and stored at —70 *C. For skeletal muscle samples, 
upper back, abdominal, or upper leg muscle specimens were used 
interchangeably with similar results. 

Cell Lines — All murine cell lines were cultured in Dulbecco's mod- 
ified Eagle's medium, 10% FCS, 1 2 mM glutamine, and penicillin/ 


1 The abbreviations used are: FCS, fetal calf serum; TBE, Tris 
borate/EDTA electrophoresis buffer; RT-PCR, reverse transcriptase- 
polymerase chain reaction; bp, base pair(s). 
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streptomycin (50 IU/ml, 50 mg/ml), except B16F1 melanoma cells 
(5% FCS), and F9 mouse teratocaxcinoma cells (plated on dishes 
precoated with 0.1% gelatin). C2C12 myoblasts were a gift from Dr. 
C. Glass (The Scripps Research Institute, La Jolla, CA) and were 
cultured in Dulbecco's modified Eagle's medium with 20% FCS to 
maintain replication or with 4% horse serum to induce differentiation 
(22). Primary cultures of rat myocardial cells were a gift from Dr. S. 
Evans (The University of California, San Diego, CA). 

mRNA Amplification, Cloning, and Sequencing— Poly(A + ) RNA 
was isolated from cultured mouse cell lines or normal mouse tissue 
homogenates using the Micro-Fast Track mRNA Isolation Kit (In- 
vitrogen, La Jolla, CA). About one million cells or 200 mg of tissue 
were used for each preparation. For mRNA extraction, samples were 
pulverized in a mortar with liquid nitrogen to a very fine powder and 
then transferred to a RNase-free microcentrifuge tube, resuspended 
in 1 ml of lysis buffer and processed according to the kit instructions. 
This kit should typically yield 1-5 ng of mRNA/100 mg of tissue. 
Single-stranded cDNA was synthesized from mRNA using the cDNA 
Cycle Kit (Invitrogen). Oligonucleotide primers flanking the predicted 
region of variation of the rat integrin al coding region were designed 
and synthesized (3118: 5'-CTACAGCTTTGACCGTGC-3' and 3119: 
5' -GAAAGGGTGGAAGGAACC-3 # ). PCR assays were carried out as 
described (12, 23), and the final PCR products were analyzed on 2% 
agarose/TBE buffer gels. Cloning of PCR products was carried out 
as described (24). Clones with correct size inserts were sequenced 
manually with the Sequenase Kit (United States Biochemical Corp.). 
Oligonucleotide primers 3154 (5'-GTTGTGGAAGGAGTCCC-3') 
and 3155 (5' -GTCTTCCCGAGGG ATCTT-3 ' ) were synthesized 
from the resulting mouse al sequence. Myogenin oligonucleotide 
primers MyoGS (AGCTCCCTCACCAGGAGGA) and MyoGASl 
(GGGCTCTCTGGACTCCATCT) were a gift from Dr. Wanda 
Miller-Hance (The University of California, San Diego, CA), Yeast 
RNA (extracted from Schizosaccharomyces pombe) was a gift from 
Dr. Clare McGowan (The Scripps Research Institute, La Jolla, CA), 
and Pyp3 yeast cDNA primers (25) were a gift from Dr. Jonathan B. 
A. Miller (The Scripps Research Institute, La Jolla, CA). 

RESULTS 

Identification of a New a7 Isoform with an Alternative 
Cytoplasmic Domain— The a3 and a6 integrin subunits have 
both been shown to have two alternatively spliced cytoplasmic 
domains, classified as A and B isoforms. The A isoform 
mRNAs contain a small insertion which is identically posi- 
tioned within the B sequences of a3 and a6. Computer align- 
ment of al with the a3 and «6 splice variants indicated that 
the published sequence of al was most likely a B isoform of 
the molecule. Because of known structural and functional 
similarities between the three subunits, we postulated the 
existence of an additional isoform of al corresponding to a3 A 
and a6A. This variant would probably be spliced at the same 
junction as the <x3A and a6A and contain an insertion of 
similar size (about 130 bp). 

Amplification by reverse transcription-polymerase chain 
reaction (RT-PCR) (23) was carried out on mRNA extracted 
from mouse heart, brain, and skeletal muscle with oligonucle- 
otide primers flanking the predicted region of variation of the 
rat al coding region (3118 and 3119). With these primers we 
expected a PCR product of 567 base pairs corresponding to 
the mouse version of the published rat al and another slightly 
larger product which should correspond to the predicted A 
isoform sequence. We obtained the one expected product of 
567 bp from heart, brain, and muscle. However, skeletal 
muscle contained an additional product of 680 bp (Fig. 1). 
The two PCR fragments from muscle were subcloned and 
sequenced. 

The nucleotide sequence of the smaller fragment was 93.7% 
identical to rat al, indicating that it represented the murine 
homologue of the al subunit. The sequence of the larger 
product matched that of the smaller species except for a 113- 
bp interna] insert located at precisely the same junction as 
the a3A and the a6A isoform splice sites. This insert was 



Fig. 1. Identification of murine <*7A and «7B mRNA iso- 
forms by RT-PCR. RT-PCR amplification performed on mouse 
brain, heart, and skeletal muscle mRNA with primers 3118 and 3119 
(see text) resulted in a product consistent in size (567 bp) with the 
expected alB isoform and an additional product of 680 bp in skeletal 
muscle, which was consistent with the predicted size of an «7A 
isoform. 

similar in size to the a3A and the a6A inserts (144 and 130 
bp, respectively). It modifies the al reading frame to encode 
a protein with an alternative cytoplasmic domain that is 19 
amino acids shorter, and which contains the amino acid 
sequence GFFRR, a motif highly conserved among all integrin 
a chains (Fig. 2). Alignment of this alternative cytoplasmic 
sequence with the a3A and a6A tails (Fig. 3a) shows 47.2 and 
55.6% respective identity at the protein level, indicating that 
the new isoform should be classified as al A and the previously 
published sequence as alB. Interestingly, in contrast to a3 
and a6, the a7A tail coding region terminates beyond the 
inserted sequence, to form a 19-codon out-of-frame overlap 
with the B isoform tail coding region (see Fig. 2). 

The a3, a6, al alignment suggests potentially important 
conserved motifs between and within the A and B tails (Fig. 
3a). A basic residue two positions downstream from GFFKR 
is found in all A and B tails except for a7A. The invariant 
pair YH is present in all A and B tails, except for a3A. 
Following YH, there is a group of nine residues highly con- 
served within the A isoforms which can be reduced to a 
consensus sequence of KAEXXXQPS. Within the B tails, 
this region is also highly conserved, but with a distinct con- 
sensus represented by AVRIRXEER. The high degree of 
conservation suggests that this "nonamer box" may be of 
functional value. The fact that the nonamer consensus motif 
of the A forms is distinct from that of the B forms suggests 
also that it may be a site of functional divergence for the A 
and B isoforms. 

Overall, the a3 and a6 isoform tails are more similar to 
each other than they are to al: a3A and a6A are 62.9% 
identical, whereas the a7A tail is 47.2 and 55.6% identical to 
the a3A and a6A tails, respectively. The a3B and a6B tails 
are 66% identical, whereas the a7B tail is 52.9 and 56.6% 
identical, respectively, to c*3B and a6B (numerical values 
were calculated from pairwise alignment of the cytoplasmic 
tails from GFFKR to termination with the University of 
Wisconsin GCG sequence analysis program "Bestfit"). Fur- 
thermore, the lengths of the isoforms of or3 and «6 are 
remarkably similar, whereas the al tails are both longer. The 
higher degree of homology between a6 and a3 suggests closer 
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CXXXnX3CTTCA<XTIK7rG^ 

AVLHVWGRLWNSTFLEEYMAVKSLEVIVRANITVKSSIKNL 
TTGCTCAGAGATOCATCCACAGTGATTOCAGT^ 

LLRDASTV I PVMVYLDPMAVVVEGVPWWV I LLAVLAGLLVL 

GCCTTGCTGGTACTOCTGCTGTGGAAC jtgtggcttc 
ALLVLLLWK $<^^F3J»;^ 

| ggt ccagggac tgtgggjCTC&GATTCTPC^^ 

LGFFKRAKHPEATVPQYHAVKIPREDRQQFKEEKTG 

GCACXATCCAGAGGAGTAACTGGGGCAACTaXAGTGG^ 

TIQRSNWGNSQWEGSDAHPILAADWHPELGPDGHPVPATA* 

PiG. 2. Mouse a7 A and o7B partial cDNA sequences. Nucleic acid sequence and predicted protein translation of a fragment of mouse 
al cDNA encompassing the alternative spliced form of the cytoplasmic region. The A isoform insertion is boxed, and the resulting protein 
sequence is shaded. These sequences are deposited with the GenBank Accession Number L16544. 
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Fig. 3. A, alignment of predicted protein sequences of cytoplasmic regions of human a3, human a6, and mouse al A and B isoforms. Gaps 
were introduced to maximize homology. Identities at three or more positions between isoform sequences are shaded and those at two or more 
positions within isoform groups are boxed. For this alignment, lysine and arginine are considered equivalent, as are glutamic and aspartic 
acids. The double box encompasses a region of strong homology unique to each isoform group but identical in position and size, termed 
nonamer box (see text). B, predicted evolutionary relationship between a3, a6, and al A and B alternative cytoplasmic tails. Dendrogram 
was generated with Pileup (University of Wisconsin GCG sequence analysis programs). 


evolutionary distance, as shown in the dendrogram in Fig. 36, 
and may be an indication of less divergent functions. 

Expression of a7 mRNA Isoforms in Mouse Tissues and Cell 
Lines — To investigate distribution of the two a 7 isoforms, 
RT-PCR was carried out on mRNA extracted from additional 
mouse tissues with primers (3154 and 3155) derived from the 
mouse al sequence (Fig. 2). We expected a product of 283 bp 
corresponding to a7A mRNA and a product of 170 bp corre- 
sponding to a7B mRNA. In addition to the two expected 
bands, we occasionally found a third larger species, but only 
in samples containing the A isoform (Fig. 4). This third band 
proved to be a heteroduplex resulting from annealing of one 
strand each of A and B isoform DN A, as already observed for 
a3 and a6 (12). This was demonstrated by using as PCR 
templates either a7A or a7B cloned cDNAs or a mixture of 
the two. Products amplified from the A cDNA resolved as a 
single 283-bp band, products from the B cDNA resolved as a 
single 170-bp band, whereas the mixture of the two cDNAs 
yielded three products of 350 (approximately), 283, and 170 


bp (not shown). The band at approximately 350 bp must, 
therefore, be a heteroduplex formed by the annealing of an A 
strand with a complementary B strand along their region of 
identity (Fig. 2). The abnormal migration on gel is probably 
due to a nonannealed loop corresponding to the extra se- 
quences in the A strand. 

Unexpectedly, all organs tested (stomach, intestine, liver, 
spleen, heart, skeletal muscle, kidney, brain, and ovary) con- 
tained a7B mRNA (Fig. 5A). We also tested the following 
mouse cell lines: 3T3 (fibroblasts), STO (immortalized mouse 
embryonic fibroblasts), MMT (mouse mammary carcinoma), 
B16 (melanoma), and F9 and P19 (teratocarcinomas). All of 
these cell lines contained al mRNA (B isoform) (Fig. 5). 
These results are in apparent conflict with previously pub- 
lished data (14, 18, 21), indicating a restricted distribution of 
al. As shown in Fig. 5B, we included the following controls 
in our experiments. 

To eliminate the possibility that primer preparations were 
either contaminated with al contaminating plasmids, or 
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Pig. 4. Expression of a7A and a7B mRNA in muscle cells 
or tissues. RT-PCR was performed on mRNA extracted from mouse 
skeletal muscle, mouse heart, C2C12 replicating myoblasts, differen- 
tiated C2C12 forming myotubes, and a primary culture of rat myo- 
cardial cells using oligonucleotide primers (3154/3155) from the 
mouse al sequence. The 170-bp product corresponding to the alB 
isoform is found in all samples tested. The product of 283 bp corre- 
sponds to the a7A isoform and appears to be exclusively expressed in 
skeletal muscle and differentiated myoblasts. 


B - 
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FIG. 5. A, RT-PCR amplification of mouse organ and cell line 
mRNAs. RT-PCR was performed on mRNA extracted from indicated 
mouse organs or cell lines, using mouse al primers 3154/3155. The 
170-bp band corresponding to the alB isoform is present in all 
samples. 5, control RT-PCR. a7B plasmid amplified using 3154/3155 
al primers (lane i) or T3/T7 primers (lane 2)\ liver cDNA synthe- 
sized from 1 ng of mRNA (Clontech) and amplified with T3/T7 (lane 
3) or 3154/3155 (lane 4), skeletal muscle cDNA from 1 *ig of mRNA 
amplified with 3154/3155 (lane 5), H2O (lane 6) and yeast mRNA 
(lane 7) amplified with 3154/3155 al primers, and yeast mRNA 
amplified with Pyp3 yeast cDNA primers (lane 8, expected size 909 
bp). 

somehow yielded artifactual bands in the presence of reverse 
transcribed mRNA from any source, we amplified mRNA 
from the yeast S. pombe. No bands were produced with the 
al primers, whereas bands of the correct size were produced 
with primers for the yeast gene Pyp3 (25). 

Amplification of tissue cDNA with T3/T7 primers, which 
anneal to the plasmid vector pKs showed no product, indicat- 
ing that there was no contamination of template with plasmid 
subclones (Fig. SB). 


Although we assumed a yield of 1-5 Mg of poly(A) + mRNA/ 
100 mg of tissue with the mRNA extraction kit (Invitrogen), 
in at least one experiment we started RT-PCR from formally 
identical amounts of mRNA. One /xg each of mouse liver and 
skeletal muscle mRNA were reverse -transcribed and PCR- 
amplified with the al primers 3154/3155. Resulting bands 
were of approximately equal intensity to those observed in 
other experiments (Fig. 5B), making it unlikely that unusually 
high yields of mRNA in some tissue samples accounted for 
al detection. 

Additionally, indirect evidence for the specificity of al 
detection was that although a7B PCR bands were found in 
all tissues and cell lines tested, bands corresponding to otl A 
remained detectable only in tissue or cells of skeletal muscle 
derivation (Figs. 4 and SB). 

Expression of al mRNA Isoforms during Muscle Differen- 
tiation—The above-mentioned results suggested ubiquitous 
expression of the <*7B isoform mRNA (however, see "Discus- 
sion"). In contrast, the new a7A isoform mRNA appeared to 
be specific to skeletal muscle. Notably, however, the a7A 
isoform was absent in another type of muscle tissue, i.e. heart, 
which resulted alA negative, <*7B positive (Figs. 1 and 4). 
Because we could not be certain that the differential expres- 
sion of al isoforms in heart versus skeletal muscle tissue 
homogenates reflected differences exclusively in the muscle 
cell components of these tissues, we tested myocardial cells 
in short term culture. These cultures were established from 
rat ventricular myocardium and contained less than 5% con- 
taminating cell types. RT-PCR showed that cultured myocar- 
dial cells are a7B only (Fig. 4). Thus, al isoform differences 
between heart and skeletal muscle are likely due to the muscle 
cell component. 

To determine whether the expression of a7A could be 
correlated with myoblast differentiation, fusion, and the for- 
mation of myotubes in skeletal muscle, we then tested the 
murine myoblast cell line C2C12, which has the ability to 
differentiate and form myotubes when cultured in appropriate 
medium (22), In the replicating (undifferentiated) state, these 
cells have the a7B isoform only (Fig. 4). After induction, the 
cells fuse to form multinucleated fibers. These differentiated 
myoblasts express both a7B and a7A isoforms (Fig. 4). 

A time course experiment with C2C12 cells cultured under 
differentiation conditions is shown in Fig. 6A. In this experi- 
ment, the A/B heteroduplex band (see above) was faintly 
visible at 24 h, indicating the presence of a small amount of 
a7A. At 48 h, a7A was clearly visible and its quantity relative 
to a7B appeared steady thereafter (Fig. 6). In the same 
experiment, we also monitored the appearance of myogenin 
message (26), which became detectable by RT-PCR after 6 h 
of culture under differentiation conditions (Fig. 6B). 

These results indicate that the new <*7A isoform is ex- 
pressed in skeletal muscle but not in cardiac muscle. Further- 
more, a7A expression is concurrent with myoblast differen- 
tiation, and since it is detectable 18-36 h after myogenin, it 
is probably activated downstream of myogenin itself. 

DISCUSSION 

We have identified a structural variant of the al integrin 
subunit which differs from the previously published sequence 
in the cytoplasmic domain. Alignment of this new isoform 
with integrin a3A and a6A sequences shows 47.2 and 55.6% 
respective identity in the cytoplasmic region, indicating that 
it should be classified as a7A and the published sequence as 
a7B. Conserved motifs across the three A and B tails suggest 
a common evolutionary origin, perhaps by exon duplication 
in an ancestral gene. We also identified a highly conserved 
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Fig. 6. A, alA mRNA expression during C2C12 myoblast differ- 
entiation. RT-PCR was performed with 3154/3155 al primers on 
mRNA extracted from undifferentiated C2C12 myoblasts or after the 
indicated times of culture in differentiaton conditions. A band cor- 
responding to the or7A message is visible at 48 h of culture and 
thereafter. Note that at 24 h a faint band corresponding to the 
position of the A/B heteroduplex (see text) is visible (h = hours; d — 
days). B, myogenin mRNA expression during C2C12 myoblast differ- 
entiation. Myogenin mRNA is detectable after 6 h, and its levels 
steadily increase with time. Note that the faint bands visible at time 
0 represent background bands of unknown origin; none of these bands 
are of expected size (515 bp). 

region with a distinct consensus within A and B tails, which 
we have termed nonamer box. This region may have func- 
tional value, perhaps interacting with distinct cytoplasmic 
components to mediate different cellular responses to com- 
mon extracellular ligands. 

The RT-PCR analysis we carried out on mouse organs and 
cell lines shows that the B isoform of al mRNA is present in 
all tissues and cells tested. Several controls substantiated this 
observation. For example, the possibility of plasmid contam- 
ination of mRNA templates or of primers were directly tested 
and eliminated (Fig. 5B). Furthermore, vast disproportion in 
the amount of starting mRNA obtained from tissues or cells 
could in principle give an equally disproportionate view of al 
expression. If, for example, mRNA yields from non-muscle 
tissues were consistently much higher than muscle tissues, 
the appearance of al bands in non-muscle tissues could be 
overestimated. When we started RT-PCR from equal 
amounts of liver and skeletal muscle mRNA, however, we 
obtained al bands of approximately equal intensity between 
the two samples, consistent with other experiments in which 
the quantity of starting tissue, rather than mRNA, was nor- 
malized. Thus, our data indeed suggest a widespread distri- 
bution for al mRNA (B isoform). This conclusion is surpris- 
ing, in view of previous reports (14, 18, 21), indicating that 
aipi is expressed in few tissues or cell types, namely muscle 
cells or certain melanoma cell lines. However, in those in- 


stances al expression was detected by Northern blotting, by 
immunoprecipitation with monoclonal antibodies or by ab- 
sorption/elution on laminin columns. All of these assays are 
inherently less sensitive than the RT-PCR analysis method. 
Furthermore, our RT-PCR assays were not quantitative, even 
though we estimated that the relative amount of al message 
amplification from various tissues was in the same range as 
skeletal muscle (Fig. 5B). Nonetheless, it is still possible that 
differences of an order of magnitude or more in mRNA 
abundance may be canceled out by the PCR amplification 
process, while producing negative versus positive results by 
Northern blotting. We also cannot be sure whether or not the 
mRNAs we detected are indeed translated into functional 
proteins or whether these proteins carry the epitopes recog- 
nized by current al monoclonal antibodies. More experiments 
are clearly required to clarify this issue. 

Interestingly, we detected the alA isoform mRNA only in 
skeletal muscle. RT-PCR may of course not be sensitive 
enough to determine with absolute certainty the complete 
absence of alA expression in a particular sample. However, 
because the ratio of identically primed PCR products in a 
single reaction reflects the ratio of starting templates (27), it 
is possible in this instance to conclude that alE mRNA is 
present in at least vast molar excess over alA in all but 
skeletal muscle. 

C2C12 replicating myoblasts contain only a7B as well, but 
24-48 h after we induced differentiation, a7A became detect- 
able. The appearance of the or7A mRNA splice variant also 
correlated with expression of myogenin in these cells. It has 
been "suggested that al expression is differentially regulated 
at different stages of muscle development and that initial 
expression of al may precede and be independent from 
MyoDl and myogenin expression (16). Our results confirm 
that C2C12 myoblasts express a7B at the undifferentiated 
stage. However, the a7A isoform becomes detectable 24 h 
after addition of differentiating medium or approximately 18 
h after the appearance of myogenin. Thus, expression of the 
a7B integrin isoform seems to be independent of myogenin, 
whereas a7A expression seems to be located downstream of 
myogenin and may be a more accurate indication of differ- 
entiation of myogenic lines. 

It has been shown that the overall level of al expression 
increases during myoblast differentiation and fusion (14) and 
that expression of al is regulated twice during skeletal muscle 
development at the formation of both primary and secondary 
fibers (16, 17). Appearance of an additional isoform of al 
during differentiation may contribute to these phenomena. 

Laminin, but not fibronectin or collagen, is important to 
maintain myoblast proliferation and migration in vitro (19, 
20). The binding of C2C12 replicating myoblasts to the E8 
laminin fragment is mediated only by the alpl integrin (18). 
Because we identified alA exclusively in skeletal muscle and 
in C2C12 during the process of differentiation but not during 
replication, it is possible that cellular responses to laminin 
may vary during differentiation according to which al isoform 
is being expressed, and two isoforms of the al laminin recep- 
tor in muscle cells may be necessary to regulate different 
events during muscle development. Expression of the a7A 
versus B tail may, in fact, influence the ability of cells to 
migrate on laminin. If this proves to be correct, it would be 
tempting to speculate that a3 and or6 integrins also perform 
similar functions in other cell types. 

It has been suggested that a3, a6, and al subunits form a 
cluster with similar structures, functions, and modes of op- 
eration (6). The presence of alternative cytoplasmic domains 
in all of these subunits corroborates this view. «3, ck6, and al 
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are all subunits of laminin receptors which are often expressed 
in the same cell type. Such redundancy may have several 
explanations. It is possible that each binds to a distinct 
laminin isoform or that they have different affinities for the 
same binding sites on laminin. Our results strengthen the 
concept (6) that alternative cellular responses may be evoked 
through these receptors following cell attachment to laminin. 
For example, structurally diverse integrin cytoplasmic do- 
mains may allow such cell type-specific functions by interact- 
ing with cell type-specific effector molecules localized on the 
inner side of the plasma membrane. Splice variants are an 
ideal model to investigate this possibility in experimental 
terms. 
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SUMMARY 


We recently reported the cloning and sequencing of the 
aj integrin chain and its regulated expression during 
the development of skeletal muscle (Song et al. (1992) 
J. Cell Biol. 117, 643-657). The 0C7 chain is expressed 
during the development of the myogenic lineage and on 
adult muscle fibers and this suggests that it participates 
in multiple and diverse functions at different times 
during muscle development. One interesting portion of 
this isoform is its cytoplasmic domain; comprised of 77 
amino acids it is the largest in the alpha chains thus 
reported. In these experiments we begin to study the 
potential functions of the a-j cytoplasmic domain by ana- 
lyzing homologies between the rat and human 
sequences, by immunologic studies using an anti-cyto- 
plasmic domain antiserum, and by identifying two alter- 
nate forms. In keeping with the nomenclature used to 
describe the CX3 and as alternate cytoplasmic domains, 
we refer to the originally reported species as 0C7B and 
the two additional forms as 0C7A and ot7C. These three 
cytoplasmic domains likely arise as a consequence of 
alternate splicing. A splice site at the junctions of the 
transmembrane and cytoplasmic domains is used to gen- 
erate the (X3, 06 and 0(7 A and B forms. The 0(7 a form 
RNA contains an additional 113 nucleotides compared 
to the B form, and a common coding region in the A 
and B form RNAs is used in alternate reading frames. 
Part of the coding region of CC7B appears to be used as 
the 3'-untranslated region of the ay\ form. The 0t7C 
mRNA is 595 nucleotides smaller than the ct7B RNA and 
part of the 3 / -untranslated region of the (X7B isoform is 
used as coding sequence in ot7C. There is developmental 
specificity in expression of these alternate mRNAs: 0C7A 
and ot7C transcripts are found upon terminal myogenic 
differentiation whereas (X7b is present earlier in repli- 


cating cells and diminishes upon differentiation. We 
suggest this selective expression of the 0C7 cytoplasmic 
domains underlies the diversity in function of the ai$\ 
integrin at different stages of muscle development. 

Immunochemical analyses indicate that the c*7B cyto- 
plasmic domain undergoes a change in conformation in 
response to binding laminin or upon crossiinking initi- 
ated with antibody reactive with the integrin extracel- 
lular domain. Crossiinking also promotes association of 
the integrin with the cell cytoskeleton. Analysis of the 
amino acid sequence of the 0C7B cytoplasmic domain 
reveals several motifs that may relate to the function of 
this protein. Two regions in the ot7B cytoplasmic domain 
have homology and similar apposition to those in the 
catalytic phosphotransfer domain and the ATP-binding 
site of serine/threonine protein kinases. There is also a 
sequence of 15 amino acids in the 0C7B cytoplasmic 
domain that is homologous to that in many receptor- 
like protein tyrosine phosphatases. Although this cyto- 
plasmic domain may be too small to have catalytic prop- 
erties, it may effect the localization or regulation of these 
enzymes, or other proteins that interact with them. 
There is also a potential actin-binding sequence and a 
unique three-fold DXHPX repeat towards the carboxyl 
end of the oljb cytoplasmic domain. Clearly, the CX7B 
cytoplasmic domain contains a rich potential for par- 
ticipating in the transduction of signals initiated outside 
the cell. This diversity in features, conformational 
changes, and forms of the 017 cytoplasmic domains likely 
underlie its diverse functions on skeletal muscle. 

Key words: integrin, muscle development, alternate splicing, 
cytoplasmic domains, protein kinase, phosphatase, laminin, 
cytoskeleton, myogenesis 


INTRODUCTION 

The integrins are a diverse family of heterodimeric cell sur- 
face integral membrane proteins that mediate the interac- 


tions of cells with each other, with extracellular matrix pro- 
teins, and either directly or indirectly, with additional mol- 
ecules in their environment. The interactions of integrins 
with extracellular matrix proteins or with counter receptors 
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on other cells play significant roles in cell adhesion, migra- 
tion and differentiation. The presence of integrins on most 
cells and their diversity of functions have made them a 
focus of study of many laboratories interested in cell, tissue 
and embryonic development, motility, cell structure and 
proliferation, clotting, and signal transduction, as well as 
specific pathologies associated with these processes, includ- 
ing metastasis and thrombosis (for reviews see, Albelda and 
Buck, 1990; Hemler, 1990; Springer, 1990; Hynes, 1992; 
Juliano and Haskill, 1993). The functional diversity exhib- 
ited by the integrins is largely due to the heterogeneity in 
integrin structure that is a consequence of the associations 
of alpha and beta chains that comprise the heterodimer. At 
least eight beta chains and fourteen alpha chains have been 
reported and the variety of heterodimers derived from these 
is believed to underlie the diversity in ligand binding and 
tissue specificity (Hynes, 1992). Preferred pairs of alpha 
and beta chains are expressed and associated in different 
cell types and more than one integrin is often expressed on 
individual cells. 

Both alpha and beta integrin chains have a single long 
extracellular domain, a hydrophobic transmembrane 
domain, and (with exception of £4) a relatively short cyto- 
plasmic domain. The capacity to bind ligand outside the 
cell is a function of both proteins. The sequences of the 
cytoplasmic domains of the different alpha and beta chain 
isoforms are quite divergent from one another: this is espe- 
cially true among the alpha chains. Alternate forms of cyto- 
plasmic domains that arise from alternate splicing have 
been found in the Pi, (33, (34, 0:3 and ct6 integrin cytoplas- 
mic domains (van Kuppevelt et al., 1989; Altruda et al., 
1990; Tamura et al., 1990, 1991; Cooper et al., 1991). Pre- 
sumably, these diversities in the cytoplasmic domains also 
contribute to the varied capacities of the integrins to medi- 
ate the transduction of signals that initiate from extracellu- 
lar interactions into the cell as well as signals that arise 
within the cell and are directed outward via activation of 
the integrins. The association of integrins with the cell 
cytoskeleton and the formation of adhesion plaques have 
been the most widely studied aspects of cytoplasmic 
domain functions and the beta chains seem to have a pre- 
eminent role. Some cytoplasmic proteins that mediate these 
interactions, for example vinculin and talin, have been iden- 
tified (Springer and Paradiso, 1981; Horwitz et al., 1986; 
Otey et al., 1990) and phosphorylation of specific residues 
in the cytoplasmic domain appears to have a regulatory role 
(Hirst et al., 1986; Dahl and Grabel, 1989; Otey et al, 1990; 
Reska et al, 1992). Additional interactions of both alpha 
and beta chain cytoplasmic domains likely mediate integrin 
functions and these may be as diverse as the cytoplasmic 
domains themselves. 

We recently reported the cloning and sequencing of the 
ai integrin chain and its regulated expression during the 
development of skeletal muscle (Song et al, 1992; George- 
Weinstein et al, 1993). The 0:7 integrin also appears on 
some cells derived from the neural crest, including 
melanoma cells (Kramer et al, 1991), dorsal root ganglia 
and PC12 cells (S. J. Kaufman and M. George-Weinstein, 
unpublished data). The 0:7 integrin is expressed on repli- 
cating secondary myoblasts (Kaufman and Foster, 1988; 
Kaufman et al, 1991; George-Weinstein et al, 1993). When 


these cells are grown on laminin, they undergo a change in 
shape, become more mobile and maintain their prolifera- 
tion (Foster et al, 1987; Ocalan et al, 1988; Goodman et 
al, 1989). As the ai§\ integrin is the sole functional 
laminin-binding integrin on these cells (von der Mark et al, 
1991), we believe it underlies these behaviors and also func- 
tions to localize these cells at the laminin-rich sites of sec- 
ondary fiber formation (George-Weinstein et al, 1993). 
Upon terminal differentiation there is an increase in the 
expression of an on myotubes and this persists in adult 
fibers, an localizes between adult fibers and the surround- 
ing matrix (Song et al, 1992), and at myotendinous junc- 
tions where it likely serves to tether the fibers at its ends 
(M. George-Weinstein and S. J. Kaufman, unpublished 
results). The function of 0:7 at these sites in adult muscle 
appears to be quite different from that on mobile, replicat- 
ing myoblasts. These observations suggest that 0:7 has mul- 
tiple and diverse functions, and this raises the question, 
'How are the requirements for these diverse functions 
resolved?' 

One interesting characteristic of the ct7B isoform is its 
large cytoplasmic domain comprised of 77 amino acids, the 
largest of the alpha chains thus reported. In the experiments 
reported here we begin to study the potential functions of 
this cytoplasmic domain by analyzing homologies between 
the rat and human sequences, by immunologic studies using 
an anti-cytoplasmic domain antiserum, and by identifying 
two alternate forms of the 0:7 cytoplasmic domain. One of 
these alternate forms, ct7A, is identical in amino acid 
sequence to that recently reported by Collo et al. (1993). 
The results of our experiments demonstrate multiple con- 
served and unique features of the 0:7 cytoplasmic domain 
and conformational changes. This diversity in features, con- 
formational states, and alternate forms, likely underlie the 
diversity in function of the an integrin chain on skeletal 
muscle. 


MATERIALS AND METHODS 

Isolation of a human 0:7 cDNA clone 

A human fetal muscle XgtllcDNA library, kindly provided by Dr 
George Dickson, was screened by plaque filter hybridization using 
clone 05A rat 0:7 cDNA (Song et al., 1992), labeled by the random 
priming method (Oligolabeling kit; Pharmacia) with [a- 32 P]dCTP 
(Amersham; 3000 Ci/mmol). Hybridizations were performed at 
65°C as described (Song et al., 1992), positive plaques were iso- 
lated, and recombinant phage DNA was purified from small scale 
plate lysates (Silhavy et al. s 1984). cDNA fragments were sub- 
cloned in the £coRI sites of pBluescript SK~ and sequenced by 
the dideoxy chain termination method (Sanger et ah, 1977). 

Production of anti-ot7 cytoplasmic domain 
antiserum 

A 27 amino acid peptide, NH2-CEDRQQFKEEKTG- 
TIQRSNWGNSQWEG, was synthesized using t-BOC chemistry 
and an Applied Biosystems model 430A synthesizer, at the Uni- 
versity of Illinois Biotechnology Center, and purified using a 
Vydak C-18 reverse phase chromatography column, eluted with 
a 0-60% gradient of 0.1% trifluoroacetic acid (TFA) and 0.1% 
TF A/70% acetonitrile. This peptide (excluding the N-terminal cys- 
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teine) is within the (X7B integrin cytoplasmic domain. The peptide 
was further purified using a Bio-Rad 10 DG exclusion column. 
6.7 mg of peptide in 300 ul phosphate buffered saline (PBS), was 
added to 10 mg of maleimide-activated keyhole limpet hemo- 
cyanin (KLH) (Pierce) in 10 ml PBS and incubated at room tem- 
perature for 2 hours. Then 100 \x\ of 100 mM cysteine was added 
for 15 minutes and the protein was dialyzed against 500 ml PBS 
overnight at 4°C. New Zealand White rabbits were immunized at 
two intramuscular and subcutaneous sites with approximately 1 
mg of conjugated protein emulsified in an equal volume of Ribi 
adjuvant (Ribi Immunochemical). Each rabbit was immunized 7 
times over five months. The serum was delipified with 0.25% 
sodium dextran sulfate and 1% CaCb, centrifuged at 10,000 g for 
10 minutes, and the antibody was precipitated with 50% ammo- 
nium sulfate and dialyzed extensively against PBS. Immunoblot 
analyses using the peptide coupled to bovine serum albumin 
(BSA) demonstrated the specificity of the respective sera for the 
immunizing peptide. 

Immunofluorescence 

L8E63 myogenic cells were grown in Dulbecco's modified 
Eagle's medium (DME) supplemented with 10% horse serum 
(Gibco), on 12 mm glass coverslips coated with 0.1% gelatin as 
described (Kaufman and Parks, 1977). Cultures of cells from the 
thighs of newborn rat hindlimbs were prepared and grown as indi- 
cated (Foster et al., 1987). Cells crosslinked prior to staining with 
anti-cytoplasmic domain antibody (anti-CD) were first reacted 
either with anti-a7 integrin or anti-laminin 2E8 (Engvall et al., 
1986; Developmental Hybridoma Bank) monoclonal antibodies 
followed by fluorescein-conjugated donkey anti-mouse 
immunoglobulin (Jackson Immunoresearch). These cells were 
then fixed with 95% ethanol or treated with 0.25% Triton X-100 
for 10 minutes. Staining was then done with anti-CD antibody (a 
1:200 dilution of a 50% ammonium sulfate cut), followed by rho- 
damine-conjugated donkey anti-rabbit immunoglobulin (Jackson 
Immunoresearch). After staining, the cells previously extracted 
with Triton X-100 were fixed with 95% ethanol. Live cells were 
reacted for 5 minutes with laminin diluted to 1, 10 or 100 ug/ml 
in Dulbecco's PBS (DPBS) containing 0.1% gelatin. These cells 
were immediately fixed with 95% ethanol and stained with anti- 
CD antibody. To demonstrate specificity, the anti-CD antibody 
was blocked with 017 cytoplasmic domain peptide by incubating 
equal volumes of antibody and 200 ug/ml peptide for 30 minutes. 
The antibody was then diluted to the appropriate concentration for 
staining. To determine the effect of temperature on promoting 
accessibility of the cytoplasmic domain, individual coverslips in 
dishes were maintained at the specified temperatures for 5 min- 
utes. The cells were immediately fixed with 95% ethanol at room 
temperature. The coverslips were mounted in glycerol/PBS (9/1, 
v/v), pH 8.5, containing 10 mM p-phenylenediamine (Eastman), 
sealed with Flo-texx (Fisher), and examined with a Zeiss pho- 
tomicroscope III equipped with epi-il rumination optics and an 
HBO 100 W mercury lamp. 

Immunoblotting 

Cell lysates were made from cells rinsed three times with DPBS, 
then with DPBS containing 1 mM phenylmethylsulfonyl fluoride 
(PMSF). The cells were then scraped with a rubber policeman and 
pelleted by centrifugation. The pellets were resuspended in PBS 
containing 1 mM PMSF and sonicated three times, for 5 seconds 
using a Branson 200 Sonifier, set at output 5 and 50% duty cycle. 
The lysates were then electrophoresed in 8% SDS-polyacrylamide 
gels at 40 mA. The gels were equilibrated in 25 mM Tris, 200 
mM glycine, pH 8.8, and 20% methanol and transferred onto nitro- 
cellulose at 100 V, for 60 minutes. The blots were rinsed at room 
temperature for 60 minutes in TSTB (5 mM Tris, 75 mM NaCl, 


and 0.5% Tween-20, pH 7.5) containing 2% gelatin. The nitro- 
cellulose was then rinsed 3 times, 10 minutes each, in TSTB con- 
taining 0.5% gelatin and then reacted with the appropriate anti- 
bodies diluted in this same buffer. After rinsing, the blots were 
reacted with alkaline phosphatase-conjugated goat anti-rabbit 
immunoglobulin (Jackson Immunoresearch) for 60 minutes, 
washed, and developed with nitro blue tetrazolium (NBT, 55 
mg/ml in 70% AyV-dimethylformamide) and 5-bromo-4-chloro-3- 
indolyl phosphate (BCIP, 50 mg/ml in 100% AVV-dimethylfor- 
mamide) in 10 ml 150 mM NaCl, 5 mM EDTA, and 100 mM 
Tris-HCl, pH 9.5. The blots were then rinsed with TSTB, then 
with 20 mM Tris, pH 2.9, 1 mM EDTA, and allowed to air dry. 
Prestained molecular mass markers were included in each gel. 

Deglycosylation of an integrin 

L8E63 myotubes, on three 100 mm dishes, were collected using 
a rubber policeman, pelleted and extracted twice, for 30 minutes, 
at 4°C, with 100 ul of extraction buffer (200 mM octyl-P-O-glu- 
copyranoside, 1 mM PMSF and 100 mM Tris-HCl, pH 7.4). For 
deglycosylation, SDS was added to a final concentration of 1%, 
the extract was then boiled for 2 minutes, then adjusted to 20 mM 
sodium phosphate buffer, pH 7.2, 10 mM sodium azide, 50 mM 
EDTA and 0.5% NP-40, and boiled for 2 minutes. The denatured 
cell extract was then incubated with peptide-W-glycosidase F 
(PNGase, 20 mU/50 \x\ cell lysate, Boehringer Mannheim) at 37°C 
for 18 hours and analyzed in immunoblots. 

Reverse transcriptase-polymerase chain reaction 
(RT-PCR) 

RT-PCR was performed as described (Song et al., 1992). Single- 
stranded cDNA was synthesized using 100 ng poly(A) + RNA puri- 
fied from L8E63 myoblasts or myotubes, or 1 jig total RNA 
extracted from L8E63 cells, fu-1 cells or newborn myoblasts 
grown as indicated (Foster et al., 1987), 15 units of AMV reverse 
transcriptase (Promega) and 0.2 ng of oligo (dT) primer. The 
single-stranded cDNAs were amplified in PCR buffer' (50 mM 
KC1, 1.5 mM MgCh, and 10 mM Tris-HCl, pH 8.4) containing 
1.0 \iM of 17mer sense primer (5'-AGCCGTGCTTCATGTCT-3') 
and 1.0 |iM 17mer antisense primer (3'-GGCTGGTACAGCA- 
CACT-5') for amplification of the mRNAs encoding ct7A and ct7B 
cytoplasmic domains, or, 1.0 uM of 20mer antisense primer (3'- 
TGGTACAGCACACTTGAAGA-5') for amplification of the 0:7c 
mRNA, 250 uM each of dATP, dCTP, dTTP and dGTP, and 1.25 
units/50 |il reaction mixture of Tag polymerase (Promega). The 
samples were cycled 30 times at 94°C for 1 minute, 55°C for 1.5 
minutes, and 72°C for 1.5 minutes. The PCR products were separ- 
ated on 0.8% agarose gels, the fragments were cut out, purified 
using GeneClean II (Bio 101) and cloned using the ddT-tailed 
vector system described by Holton and Graham (1990). Then 5 
|ig of pBluescript SK~ was digested with EcoRV and was tailed 
in 25 mM Tris-HCl, pH 6.6, 200 mM potassium cacodylate, 250 
Ug/ml BSA, 1.5 mM C0CI2 and 10 \iM ddTTP (Pharmacia) using 
50 units of terminal transferase (Promega), for 1 hour at 37°C. 
ddT-tailed plasmid was purified with phenol/chloroform, followed 
by ethanol precipitation, and ligated with the purified PCR frag- 
ment using T4 DNA ligase (BRL). XL-1 cells were transformed 
with the ligation product, plated on X-gal and white colonies were 
selected. 

Computer analyses of protein sequences 

Protein sequence homology searches were carried out using the 
BLAST programs developed by National Center for Biotechnol- 
ogy Information at the National Library of Medicine (Altschul et 
al., 1990). Protein secondary structure analyses were performed 
with the algorithms of Chou and Fasman (1974), Gamier et al. 
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(1978), and Hopp and Woods (1981), using Mac Vector 3.0 (IBI, 
New Haven, CT). 


RESULTS 

Alternate forms of the ai cytoplasmic domain 

Reverse-transcriptase PCR analysis, using paired primers 
specific for the cytoplasmic domain of the ai integrin, 
revealed two products. This suggested that two ai isoforms 
were expressed during the differentiation of the L8E63 
myogenic cell line (Fig. 1). In contrast with the 899 bp 
product detected throughout the course of myogenesis in 
vitro, a 113 nucleotide larger fragment was generated from 
poly(A) + RNA prepared from cells in cultures that had 
undergone differentiation. The 1012 bp fragment was 
cloned into pBluescript KS~ and its nucleotide and inferred 
amino acid sequences were determined. The larger PCR 
fragment represents an mRNA that encodes an alternate 58 
amino acid cytoplasmic domain. In keeping with the 
nomenclature previously used for isoforms of the 0:3 and 
ot6 cytoplasmic domains, and the homologies of the respec- 
tive A and B isoforms, this species has been referred to as 
ot7A and the original form as ot7B. An alternate isoform of 
the mouse 0:7 cytoplasmic domain was recently cloned and 
sequenced by Collo et al. (1993). The sequence of the rat 
ct7A cytoplasmic domain (Fig. 2 A) differs at five 
nucleotides from that of the mouse, and there is a single 
residue difference in the 58 amino acid sequence. A 
common coding region in the A and B form RNAs is used 
in alternate reading frames, and part of the coding region 
of ot7B is in the 3'-untranslated region of the 0C7A RNA. 
Two splice sites appear to be located 5' to the GFFKR 
coding regions of the A and B form RNAs. 

Days ta Culture 
,2 3 4^8 7 a 


_>«7 A 

">,0C7B 


Fig. 1. Alternate forms of the 0:7 cytoplasmic domain. Cells from 
the L8E63 myogenic cell line were cultured in vitro for 2 to 8 
days. Poly(A) + RNA was isolated and subjected to RT-PCR. The 
amplified products were analyzed by gel electrophoresis and 
ethidium bromide staining. Two species of amplified product were 
detected: ct7A mRNA produces a 1012 bp band, while ct7B mRNA 
produces a 899 bp fragment. 


An additional alternate isoform of the an cytoplasmic 
domain was detected in a lambda UniZap rat muscle cDNA 
library screened with a 293 nucleotide Pstl fragment pro- 
duced from the 5'-end of the 05B ai cDNA clone. This 
fragment encodes a 97 amino acid region in the extracel- 
lular domain that is unique to the ai integrin. Forty-five 
clones were identified and inserted into the pBluescript SK~ 
plasmid by in vivo excision and transformation into XL-1 
blue cells. Plasmid from these cells was pooled into nine 
groups, each representing five positive clones. The DNA 
sequences bounded by the 17mer sense and antisense 
primers (Fig. 2B) were amplified using Taq polymerase. 
Two fragments were generated, one 899 bp, representing 
the amplified fragment of the an cDNA previously reported 
(Song et al., 1992), and a second, 304 bp fragment. Indi- 
vidual clones in the positive groups were analyzed by PCR 
amplification and two clones containing the shorter frag- 
ment were identified (Fig. 3A) and sequenced from their 
3'-ends. The 5'-ends of these sequences, which encode the 
membrane spanning region and extend into the extracellu- 
lar domain, were identical with the sequence of ct7B (Fig. 
2B). A deletion of 595 nucleotides in <X7B accounts for the 
shorter sequence, which we refer to as <X7C. A new open 
reading frame is generated as a consequence of this dele- 
tion and results in the alternate protein sequence in the cyto- 
plasmic domain that begins with a switch from the GFFKR 
sequence in ot7B to GFFKC in aic Part of the 3'-untrans- 
lated region present in the (X7b RNA is used to encode the 
ct7C form and a new termination codon, TAA (Fig. 2). 

In contrast with the 58 amino acids in the cc7A form and 
77 amino acids in the CC7B cytoplasmic domain, the aic 
cytoplasmic domain contains 18 amino acids. Potential sites 
of phosphorylation in the three ct7 cytoplasmic domains 
were determined using reported consensus sequences 
(Aitken, 1990). As indicated in Fig. 2C, each cytoplasmic 
domain has a single site of potential tyrosine phosphoryla- 
tion and this appears to be the sole potential phosphoryla- 
tion site in the <X7B cytoplasmic domain. The 0C7A and ct7C 
domains each have a serine residue that may be phospho- 


Fig. 2. Alternate splicing produces three transcripts encoding 
three forms of the 017 cytoplasmic domain with different potential 
phosphorylation sites. The deduced c<7A, ct7B and aic cytoplasmic 
domains are 55, 77 and 18 amino acids, respectively. (A) The a?A 
transcript is 1 13 nucleotides longer than the a7B and a common 
coding region in ct7A and 017B is used in alternate reading frames. 
Part of the coding region of ct7B appears to be used as the 3'- 
untranslated region of the 017A form. The amino acid sequence of 
the oi7A cytoplasmic domain is shaded. (B) The a 7c transcript is 
595 nucleotides shorter than the 017B form. The 3 '-untranslated 
region of the ot7B form is used as coding sequence for the 0:7c 
cytoplasmic domain. Filled boxes indicate the transmembrane 
coding regions (underlined), open boxes indicate the coding 
regions for cytoplasmic domains, and boxes with diagonals refer 
to the 3 '-untranslated regions. The translation stop codons (TLS) 
are indicated by arrows. The PCR primers used to detect the 
alternate RNAs are indicated by the bold arrows. (C) The potential 
sites of phosphorylation of the 017 cytoplasmic domains are 
indicated: ▼, tyrosine protein kinase site; *, calcium, calmodulin 
dependent protein kinase II site; ♦, cyclic GMP dependent protein 
kinase site; protein kinase C site. 
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rylated by calcium-, calmodul in-dependent protein kinase 
II: this same serine in (X7a may be phosphorylated by 
cGMP-dependent protein kinase. An additional serine and 
threonine residue in the ct7A cytoplasmic domain may be a 
substrate for phosphorylation by protein kinase C. 

Expression of the ai cytoplasmic domains is 
developmental^ regulated 

The differentiation of primary cultures of myogenic cells 
in vitro more closely resembles in vivo development and 
these cells were used to confirm that the expression of the 
CC7 cytoplasmic domain isoforms was developmentally reg- 
ulated. RNA was isolated from cultures of differentiating 
newborn skeletal myoblasts at various times after these cells 
were placed in culture. The medium in the cultures was 
switched on day 2 to one that promotes differentiation. As 
seen in the results of RT-PCR analysis, expression of ot7A 
accompanies myogenic differentiation whereas ct7B is 
present earlier, in replicating myoblasts, and diminishes 
upon differentiation (Fig. 4). fu-1 cells, a developmentally 
defective line derived from L8E63 myoblasts, which have 
lost their normal control of proliferation, do not differenti- 
ate and are transformed and tumorigenic (Kaufman and 
Parks, 1977). Immunofluorescence (Kaufman et al., 1985) 
and northern analyses demonstrate that these cells express 
reduced an integrin (Song et al., 1992) and as shown here 
using RT-PCR, fu-1 cells express the ct7B but not the ct7A 
integrin chain (Fig. 4). This supports the conclusion that 
the shift in expression of ct7B to ct7A is part of the devel- 
opmental process that accompanies the differentiation of 
skeletal muscle. 
To detect the mRNA that encodes the aic cytoplasmic 


domain RT-PCR was performed using an antisense 
primer that is specific to this form (Fig. 2A) and poly(A) + 
RNA purified from L8E63 cells. The fragment produced 
by PCR was ddT-tailed, cloned into the pBluescript SK~ 
plasmid and sequenced. This nucleotide sequence was 
identical to that obtained from the cDNA library, con- 
firming the expression of this alternate form of the ai 
protein. RT-PCR detected the ct 7 c mRNA in poly(A) + 
RNA prepared from myotubes but not myoblasts (Fig. 
3B). This isoform of ai mRNA appears to be present in 
relatively low amounts as it was detected only after two 
rounds of PCR. 

These three forms of the ai chain likely originate by 
alternate RNA splicing. The structures of the mRNAs that 
are consistent with the procedure used to generate these 
cDNAs are indicated in Fig, 2, We suggest that part of the 
diversity in function of the 017 integrin at different stages 
of muscle development is due to the developmentally reg- 
ulated expression of the alternate cytoplasmic domains. 
Additional studies on the ct7B cytoplasmic domain were 
undertaken to further define its function in replicating 
myoblasts. 

Comparison of the human and rat a.7B cytoplasmic 
domains 

A 1.9 kb clone of the 3'-end of ct7 cDNA was identified in 
a cDNA library prepared from human fetal muscle, isolated, 
and sequenced. The nucleotide coding regions and inferred 
amino acid sequences of the rat and human ct7B cytoplas- 
mic domains were determined to be 84% identical (Fig. 5). 
Two regions in the ct7B integrin cytoplasmic domain are 
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Fig. 3. Identification of ot7B and 0:7c cDNAs and mRNAs by PCR. 
(A) PCR was performed on forty-five 0:7 cDNA clones using the 
sense (1) and antisense (2) primers (indicated by arrows in Fig. 2). 
Two clones produced a 304 nucleotide bp fragment and were 
sequenced and identified as 0:70 The PCR fragment produced 
from the 0V7B form was 899 bps: the C form represents a 595 bp 
deletion of the B form. (B) ot7B and aic mRNAs were detected in 
poly(A) + RNA isolated from L8E63 myoblasts (lanes 2 and 3) and 
myotubes (lanes 4 and 5) by RT-PCR with primers 1, 2 and 3 
(Fig. 2). The 017B 899 bp band (lanes 2 and 4) was produced after 
one round of PCR using primer set 1 and 2. The 0:7c 304 bp 
fragment was evident after a second round of PCR using myotube 
(lane 5) but not myoblast RNA (lane 3) using primer set 1 and 3. 
Lane 1, control: no RNA; primer set 1 and 3. 



Fig. 4. Expression of ct7A and C17B integrin is developmentally 
regulated. Cells from the newborn rat hindlimb were initially 
cultured in growth medium (10% fetal bovine serum plus 10% 
horse serum) and on day 2 the medium was changed to 1 0% horse 
serum to facilitate differentiation. L8E63 cells and 
developmentally defective mutant fu-1 cells were grown for 3 or 8 
days. Total RNA was isolated by acid guanidium thiocyanate- 
phenol-chloroform extraction at the times indicated and subjected 
to RT-PCR. The amplified products were analyzed by gel 
electrophoresis and ethidium bromide staining. A switch from 
expression of ct7B to ot7A accompanies myogenic development in 
vitro, fu-1 cells do not differentiated and do not express ot7A- 
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Fig. 5. Structural analysis of the 0C7B 
integrin cytoplasmic domain. The 
amino acid sequence of the human ot7B 
integrin cytoplasmic domain was 
determined and aligned with the rat 0:73 
sequence. Identical residues (|) and 
conserved changes (+) are indicated. 
a-Helix and turn regions are predicted 
by Mac Vector analysis. BLAST 
analysis of the sequences with existing 
data banks in the National Center for 
Biotechnology Information at the 
National Library of Medicine indicates 
several potential motifs in the rat ct7B 
cytoplasmic domain. A, a 

phosphotransfer motif and C, an ATP-binding motif common to serine/threonine kinases. B, a potential actin-binding region similar to 
that in villin. D, a hydrophobic sequence common to receptor-like protein tyrosine phosphatases. A threefold DXHP repeat, unique to this 
protein, is underlined in the rat ct7B sequence. The bold line indicates the sequence of 26 amino acids in ct7B used to prepared an anti- 
cytoplasmic domain (CD) antiserum. 


Transmembrane 
domain 



highly conserved between the human and rat sequences: 
these are the 32 amino acids directly on the carboxyl side 
of the GFFKR sequence (97% indentity between species) 
and the sequence of 21 amino acids that begins 4 amino 
acids from the carboxyl terminus and contains a DXHPX 
repeat (discussed below). All four threonine residues are 
maintained at the identical positions in the cytoplasmic 
domains. These identities in the human and rat ct7B cyto- 
plasmic domains suggest that this integrin alpha chain has 
the same function in different species, and that the highly 
conserved portions likely play a significant role in mediat- 
ing this function. 

Structural motifs in the ot7B cytoplasmic domain 

a-Helix 

Computer analysis (Chou and Fasman, 1974; Gamier et al., 
1978) of the ct7B cytoplasmic domain sequence suggests an 
ct-helical conformation comprised of approximately 25 
amino acids (Fig. 5). 

Serine/threonine protein kinase homology regions 
The sequence, AVKJL(P)R, is present in the ct-helical region 
of the <X7B cytoplasmic domain. This same sequence is con- 
served in subdomain II, the catalytic site of serine/threonine 
protein kinases. Site-directed mutagenesis of the lysine 
residue (K) within this sequence results in the loss of pro- 
tein kinase enzymatic activity (Hanks et al., 1986). The 
ATP-binding domain of these protein kinases have the con- 
sensus sequence LGXGXXGXV. The rat ot7B sequence, 
LGXXGXXVXV, located towards the carboxyl end of the 
cytoplasmic domain, shares this homology. The human 
sequence, LGXXGXXGXG, also shares this homology. 

DXHPX repeats in the ai cytoplasmic domain 
The sequence Asp/X/His/Pro/X, where X is a hydrophilic 
residue, is repeated three times in the ct7B cytoplasmic 
domain. The most carboxyl repeat is within the potential 
ATP-binding site cited above. These repeats, and the three 
amino acids that separate them, are conserved 95% between 
the human and rat ct7B integrins. The DXHPX repeat in the 


ct7B cytoplasmic domain is unique amongst integrin alpha 
chains, moreover, it was not found in any sequence in cur- 
rent protein or nucleic acid data banks. 

Receptor-like protein tyrosine phosphatase homology 
region 

The ct-helical region in the cytoplasmic domain also con- 
tains a sequence of 15 amino acids, TVPQYHAVK- 
ILREDR, that is 80% homologous with a region in the 
family of receptor-like protein tyrosine phosphatases (Geb- 
bink et al., 1991). As noted above, the AVKJL motif within 
this sequence is also common and essential to the enzy- 
matic activity of protein kinases. A sequence with 92% 
homology to PQYHAVKILREDR is also present in the 
cytoplasmic domains of the human ct3B and ct6B integrins, 
however, the lysine residue essential to protein kinase 
activity has been replaced by arginine in cc3B and ct6B 
whereas it is maintained in the human and rat C17B (Fig. 6). 

Putative actin-binding site 

A potential actin-binding site, QQFKEEK, that closely 
resembles the actin-binding site of villin (QQNLKKEK), is 
also found within the cc-helix region. This sequence in villin 
is also within an ct-helical domain, and mutation to QQN- 
LKEEK, which resembles ai integrin even more closely, 
still has 80% actin-binding capacity (Friederich et al., 
1992). The other two lysine residues are essential for actin- 
binding. 

Structural changes in the (X7b integrin cytoplasmic 
domain 

A 26 amino acid segment of the cytoplasmic domain of the 
rat (X7B chain (Fig. 5) was synthesized with an additional 
cysteine residue at the amino terminus. This portion of the 
cytoplasmic domain was chosen because its sequence is 
unique from that of other reported alpha chains and its 
potential high antigenicity (Hopp and Woods, 1981). The 
antiserum was evaluated for reactivity with an integrin by 
immunofluorescence and immunoblot analyses. 

The major polypeptides in unreduced extracts of L8E63 
myoblasts and myotubes that were reactive after elec- 
trophoresis in 8% polyacrylamide gels had mobilities cor- 
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Fig. 6. Comparison of the receptor- 
like protein tyrosine phosphatase 
homology regions in the ct3B, (X6B, 
and ct7B cytoplasmic domains. A 
region in the ct7B, 013B, and aeB 
integrin cytoplasmic domains has 
homology to a sequence in receptor- 
like protein tyrosine phosphatases 
(RPTP). Identical amino acids in the 
conserved region of these three 
integrin alpha chains are indicated 
in bold. Identical amino acids are 
printed between the rat 0:7 integrin 
and the rat RPTP sequences. The 
plus (+) signs show conserved 
changes of amino acids. Homology 
with other RPTP proteins is also 
indicated. 
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Fig. 7. Anti-ci7B cytoplasmic domain 
antibody detection of intact 0:7 chain 
and its proteolytic cleavage products 
is specific and demonstrates 
glycosylation of the alpha chain. 
(A) Immunoblots of unreduced and 
reduced L8E63 cell lysates. Specific 
binding was blocked by 
preincubation of the anti-CD 
antibody with the immunizing 
peptide. (B) L8E63 cell lysates were 
treated with endoglycosidase F to 
deglycosylate the protein and 
electrophoresed under reduced or 
nonreduced conditions. The 
migration of the deglycosylated form 
(26 kDa) corresponds to the 
molecular mass determined from the 
amino acid composition. (C) The 
protease cleavage sites in the ct7B 
chain and the corresponding peptides 
detected in the immunoblots are 
indicated. 


responding to approximately 121,000 and 70,000 Da. These 
two bands represent the intact an chain and a product of 
one of two cleavage sites in the molecule. Upon reduction, 
the predominant band reactive with this antiserum migrated 
at approximately 38,000 Da (Fig. 7A). This peptide repre- 
sents the carboxyl terminal peptide that can originate either 


The cytoplasmic domains of cv? integrin 1147 

from a single proteolytic cleavage of the intact ct7B chain 
at the RRRRE site or from the 70,000 Da peptide (Fig. 7C). 
A small amount of the 121,000 Da protein persisted, indi- 
cating that all the ot7B in the extract had not undergone pro- 
teolytic cleavage. The molecular mass of the 38,000 Da 
peptide deduced from its amino acid sequence is 26,000 Da 


Fig. 8. Crosslinking the extracellular 
domain of the ci7B integrin with 
antibody or binding ligand promotes a 
conformational change in the 
cytoplasmic domain and association 
with the cell cytoskeleton. When 
L8E63 cells were fixed with ethanol 
(A), or extracted with Triton prior to 
addition of antibody (B), little 
immunofluorescence was detected by 
anti-CD antiserum. Upon crosslinking 
the extracellular domain with primary 
and secondary antibodies, or after 
addition of laminin, the cytoplasmic 
domain becomes accessible to anti- 
CD antiserum and the complex 
becomes associated with the Triton 
X-100-insoluble cell cytoskeleton. 
Cells were reacted with H36-ot7 
monoclonal antibody (C), followed by 
fluorescein-conjugated donkey 
antimouse IgG, fixed with ethanol and 
stained with anti-CD antibody and 
rhodamine-conjugated goat antirabbit 
IgG (D). Cells were reacted with 
either H36-a 7 (E) or 05-a? (G) 
monoclonal antibody followed by 
fluorescein-conjugated donkey 
antimouse IgG, extracted with Triton 
X-100, and stained with anti-CD 
antibody and rhodamine-conjugated 
donkey anti-rabbit IgG (F) and (H). 
Laminin (10 ug/ml) (I) or 2E8 anti- 
laminin antibody (J) was added to 
cultures prior to fixation with ethanol 
and reaction with anti-CD antiserum 
and rhodamine-conjugated donkey 
anti-rabbit IgG. Bar, 20 |im. 


B 
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Table 1. Crosslinking and ligand induced conformation 
change in the ai integrin chain 


Primary antibody 

Immunofl uorescence 

Association with 
cytoskeleton 

H36-ct 7 

+++ 

yes 

026-a 7 

+++ 

yes 

05-a 7 

++ 

yes 

A5 


no 

2E8 (anti-laminin) 

+ 

yes 



Association with 

Conditions 

Immunofluorescence 

cytoskeleton 

20°C, 1% formaldehyde, 


no 


0.25% Triton X-100 


20°C, 2% formaldehyde - no 

20°C, 4% formaldehyde - no 

37°C, 2% formaldehyde - no 

20°C, 95% ethanol - no 

37°C, 95% ethanol - no 

45°C, 95% ethanol ++ yes 

56°C, 95% ethanol ++ yes 

20°C, 70% methanol, ++ yes 

Laminin ( 1 jig/ml) ++ yes 

Laminin (10 ^g/ml) +++ yes 

Laminin (100 ug/ml) + yes 

Detection of cob integrin with anti-cytoplasm ic domain antiserum 
depends on crosslinking the integrin, temperature, or prior addition of 
laminin. For binding of the anti-cytoplasm ic domain antiserum it was 
necessary to crosslink the 017B chain with primary antibodies specific for 
the ai extracellular domain (H36-C17, 026-a7, 05-a7) and then secondary 
antibody. The cells were extracted with Triton X-100, reacted with the 
rabbit anti-cytoplasm ic domain antibody and fluorescein-conjugated 
donkey anti-rabbit IgG, and fixed with 95% ethanol. Antibody reactive 
with another molecule on the surface of these cells (A5) did not promote 
access to the cytoplasmic domain. Antibody reactive with laminin 
followed by secondary antibody, or laminin per se also promoted the 
changes in the cytoplasmic domain that affords access to the anti- 
cytoplasm ic domain antiserum. Although fixation and permeabilization of 
the cells with 95% ethanol at room temperature or at 37°C did not allow 
binding of the anti-cytoplasm ic domain antiserum, prior incubation at 
45°C or 56°C did. The same conditions that promoted detection of the 
cytoplasmic domain also promoted the association of the integrin with the 
cytoskeleton and rendered it insoluble to extraction with Triton X-100. 


and glycosylation at three potential sites in this peptide 
would decrease its mobility to approximately 38,000 Da (de 
Curtis et al., 1991; Parham et al., 1977). To demonstrate 
this, the integrin was treated with endoglycosidase F to 
remove carbohydrate. As a result, the mobility of the 38,000 
Dapeptide changed to 26,000, confirming that one or more 
of the putative glycosylation sites inferred from amino acid 
sequence analysis (Song et al., 1992) is in fact used (Fig. 
7B,C). The mobilities of the 121,000 and 70,000 Da 
polypeptides are also influenced by deglycosylation of the 
protein (Fig. 7B). Reactivity of the protein with the anti- 
cytoplasm ic domain antiserum was inhibited by preincuba- 
tion of the antibody with the peptide, confirming the inden- 
tity of the polypeptides reactive with the antibody (Fig. 7A). 

In contrast with the results obtained by immunoblots, the 
results of immunofluorescence analyses of myoblasts and 
myotubes with this antiserum were negative or weak. In 
those experiments, the cells were treated either with 95% 
ethanol or 2% /?- formaldehyde, both of which are routinely 
used to permeabilize these cells and render cytoplasmic pro- 
teins accessible to antibody. This failure of the cytoplasmic 
domain to react with the antiserum was apparently due to 


inaccessibility of the epitopes on the cytoplasmic domain, 
since immunoblots indicate that the ai chain is present sub- 
sequent to fixation. 

Previous experiments demonstrated that reactivity of the 
(X7 chain with primary and secondary antibodies promotes 
the association of the integrin with the cell cytoskeleton, as 
noted by colocalization with actin filaments and a shift from 
being extractable in detergents such as Triton X-100 to 
becoming part of the detergent insoluble cytoskeletal net- 
work (Kaufman et al., 1985; Lowrey and Kaufman, 1989). 
The association of ct7 with the cytoskeleton upon crosslink- 
ing is rapid and dependent on bivalent secondary antibody. 
This association of ai with the cytoskeleton and change in 
its extractability suggested that upon crosslinking of the 
extracellular domain, the cytoplasmic domain may undergo 
a change in conformation or association with other proteins, 
and this might result in its accessibility to antibody. As seen 
in Fig. 8, reaction of ai integrin on live cells with mono- 
clonal antibodies specific for the extracellular domain, fol- 
lowed by secondary antibody to crosslink the complexes, 
resulted in reactivity of the cytoplasmic domain with the 
antiserum. Antibodies reactive with other molecules in the 
membrane (A5, 13, H58 and H73; Kaufman and Foster, 
1985) had no effect on accessibility of the CC7B cytoplasmic 
domain. Specific binding of the anti-cytoplasmic domain 
antibody was inhibited by prior incubation with the immu- 
nizing peptide. In these experiments the cells were first 
reacted with the monoclonal antibody followed by sec- 
ondary donkey antimouse IgG. The cells were then either 
fixed using 95% ethanol or extracted with 0.25% Triton X- 
100 and then fixed. In both cases, staining with the anti- 
serum was dependent on prior reactivity of cells with the 
primary and secondary antibodies, demonstrating that the 
accessibility of the cytoplasmic domain and shift in the 
capacity to extract ai with detergent were commensurate 
and dependent on crosslinking by the antibodies. 

In addition to crosslinking 017 in the membrane with anti- 
body reactive with the a 7 chain, laminin promoted both the 
accessibility of the cytoplasmic domain to the anti-cyto- 
plasmic domain antibody and the shift in ai extractability 
by detergent. The capacity of laminin to promote these 
changes was dose dependent and an excess of the extra- 
cellular matrix protein was suboptimal (Table 1) as would 
be expected if laminin too must bridge at least two ct7 mol- 
ecules. Thus crosslinking this integrin, either with antibod- 
ies or its ligand, promotes its association with the cell 
cytoskeleton and an alteration in the cytoplasmic domain. 
Monoclonal antibody reactive with laminin could also pro- 
mote this change to a limited extent. Exposure of the cells 
to 45°C or 56°C for 10 minutes, followed by fixation with 
95% ethanol also rendered the cytoplasmic domain acces- 
sible to the antiserum, further indicating an unmasking of 
this region of the cytoplasmic domain by physical pertur- 
bations (Fig. 8; Table 1). 

DISCUSSION 

The CC7P1 integrin on skeletal myoblasts is a laminin-bind- 
ing protein. First identified with monoclonal antibody H36 
(Kaufman et al., 1985), expression of the ai integrin has 
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been used as a marker of the development of the skeletal 
myogenic lineages (Kaufman et al. s 1991; George-Wein- 
stein et al., 1993). The expression of 0:7 during the devel- 
opment of the primary and secondary muscle fiber lineages 
differs and this is believed related to the diverse functions 
and requirement of these cells at different stages of devel- 
opment (George-Weinstein et al., 1993). During the devel- 
opment of primary muscle, ot7 is first seen on fibers, after 
terminal differentiation is initiated. This corresponds to the 
time these fibers envelop themselves in a laminin-rich extra- 
cellular matrix. It is within this lamina that secondary fiber 
formation subsequently takes place. In contrast with pri- 
mary fiber formation, during the development of secondary 
fibers CC7 is expressed on precursor cells. The o^Pi integrin 
may then serve to localize these precursor cells at the sites 
of secondary fiber formation and support the expansion of 
this population of cells. This is consistent with the findings 
that laminin selectively promotes a change in the shape and 
mobility of secondary myoblasts and maintains them pro- 
liferating (Foster et al. s 1987; Ocalan et al., 1988). As a 7 pi 
is the sole functional laminin-binding integrin on skeletal 
myoblasts (von der Mark et al., 1991), we suggest that it 
has a significant role in mediating these behaviors of 
myoblasts in a laminin-rich environment. 

Upon terminal differentiation, secondary myoblasts cease 
replicating, decrease their mobility, align and fuse to form 
multinulceate fibers. Immunofluorescence, immunoblots, 
and northern analyses demonstrate that an increase in the 
expression of an integrin accompanies and is dependent on 
this stage of differentiation (Kaufman and Foster 1985; 
Kaufman et al, 1985; Song et al., 1992). Expression of the 
alternate A and C forms of the ai chain cytoplasmic domain 
takes place at this stage in development, as does the switch 
in expression of numerous other isoforms of muscle pro- 
teins, such as creatine kinase, NCAM, actin, and myosin. 

Newly formed fibers associate laterally into bundles and 
distally with tendon. The 0:7 integrin is localized along the 
membrane of mature muscle fibers (Song et al., 1992) and 
at myotendinous junctions (George-Weinstein and Kauf- 
man, unpublished results), thereby participating in the distal 
and lateral cohesion of muscle fibers needed for the directed 
generation of force and movement. The roles of the 0:7 inte- 
grin at these sites in functional muscle appear quite differ- 
ent from that in earlier myogenic development. We suggest 
that at least part of the functional diversity of the 0:7 chain 
results from the use of alternate cytoplasmic domains. 

The cytoplasmic domains of the 14 known alpha inte- 
grins have common as well as distinct features that 
undoubtedly underlie the function of these proteins. At the 
most amino terminal end of the cytoplasmic domains the 
alpha chains have a common sequence, GFFKR. This 
region may be essential for the stable association of a and 
P chains (Solowska et al., 1991). Some divergences in this 
region are in the GFFDR sequence of the chick a8 integrin 
(Bossy et al., 1991), the GFFNR sequence of the 
Drosophila PS2 chain (Bogaert et al., 1987), the DFFKP 
sequence of human ct3B (Takada et al., 1991) and as 
reported here, the GFFRR of ct7A and GFFKC of the 0:7c 
form. The cob, <*6b and ovzb cytoplasmic domains have the 
common amino acid sequence, P-YHAV-I--E-R, which is 
highly homologous to a region in receptor-like protein tyro- 


sine phosphatases. Whatever function this motif may serve 
is likely consistent in all these proteins. The coA, cceA and 
ct7A cytoplasmic domains differ from the respective B 
forms in this region, but they are similar to each other, indi- 
cating that the functional changes between the A and B 
forms of ct3, 05 and 0:7 may be conserved. The remaining 
portions of these alpha chain isoforms and all other inte- 
grin a chain cytoplasmic domains are generally quite 
diverse from one another. Since the unique sequences of 
the cytoplasmic domains of the same integrin isoforms are 
highly conserved between species, it is reasonable to con- 
clude that they are functionally significant. As demonstrated 
here, there is 84% identity in the human and rat ct7B cyto- 
plasmic domains. 

The potential roles of the alpha chain cytoplasmic 
domains are now coming under experimental scrutiny. 
Deletion or replacement of an alpha chain cytoplasmic 
domain can alter the binding affinity of the heterodimer to 
its ligand (O'Toole et al., 1991b) and alter its capacity to 
promote collagen gel contraction (Chan et al., 1992). These 
results imply that the cytoplasmic domain may confer 
specific functions to the integrins and perhaps participate 
in signal transduction, both into the cell and to the extra- 
cellular ligand-binding regions of the molecule. The 
expression of integrin alpha chain isoforms with different 
cytoplasmic domains at different stages of development 
(Cooper et al., 1991 and Tamura et al., 1991) further 
suggests that isoforms with different cytoplasmic domains 
may mediate specific functions during development. The 
developmentally regulated expression of multiple 0:7 cyto- 
plasmic domains supports this. 

The mechanism of formation of the 013, ae, and 0:7 A and 
B alternate cytoplasmic domains appears to be similar. The 
B forms originate from a splice site located 5' to a second 
GFFKX coding region, that is downstream from the A form 
GFFXX coding regions (Cooper et al., 1991; Hogervorst et 
al., 1991; Tamura et al., 1991). In the case of 0:7 a and a7B 
the 3'-splice site is followed by a common coding region 
in the A and B forms that is used in alternate reading 
frames. In contrast, the 0:3 and ae 3'-splice sites are in the 
3'-untranslated regions and there is no common coding 
sequence in these A and B cytoplasmic domains, aic orig- 
inates from an alternate splice that is common to a single 
GFFKX coding region and the 3 '-untranslated region of 
ot7B. Identical splice site junctions, AAGTGTG, are found 
in cob, ct6B and 0:7c, at the junctions of the transmembrane 
and cytoplasmic domains. The greatest homology between 
the ot7B integrin and other a chain isoforms is with ct6B: 
there is 47% identity in a 1,047 amino acid overlap, 70% 
identity in the transmembrane domains and 34% identity 
(and 77% homology) in a 56 amino acid overlap in the 
cytoplasmic domains. This suggests a common ancestry 
between the genes that encode these proteins, although the 
a7B cytoplasmic domain appears to have evolved greater 
functional diversity. 

Homologous phosphotransfer and ATP-binding 
sequences in the 0C7B cytoplasmic domain suggest that it 
may have serine/threonine kinase activity, however, the cat- 
alytic activity of these kinases is localized in domains that 
are significantly larger than the 77 amino acids of the cc7B 
cytoplasmic domain. Alternatively, these motifs and the 
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phosphatase homology sequence in the ct7B cytoplasmic 
domain, may modulate the activity or localization of the 
respective enzymes, or other proteins that bind to them, at 
the inner periphery of the cell. The maintenance of the 
receptor-like protein tyrosine phosphatase homology region 
in ci3B, <X6B and ct7B suggests that whatever function it 
serves is conserved in the integrins that contain any of these 
alpha chains. In contrast, only the ct7B sequence contains 
the crucial lysine residue essential to serine/threonine pro- 
tein kinase activity and both the phosphotransfer and ATP- 
binding motifs. It remains to be determined if ci7B has enzy- 
matic activity, perhaps as a subunit of a larger complex, or 
if it has other regulatory functions. 

The ATP-binding motif in the ot7B cytoplasmic domain 
contains and is adjacent to two additional DXHPX repeats. 
This threefold repeat is not evident in other sequences in 
current data banks. The 21 amino acid stretch that contains 
these repeats is highly hydrophobic and is 90% identical in 
human and rat. 

Although we have not demonstrated that any of these 
motifs are functional within the ct7B cytoplasmic domain, 
they do present a rich potential for participating in the trans- 
duction of signals initiated outside the cell. Several inter- 
esting observations suggest that integrins are intimately 
involved in signal transductions in which phosphorylation 
and association with actin are certain to have key roles. The 
different potential tyrosine and serine/threonine phospho- 
rylation sites in the three 0:7 cytoplasmic domains could 
underlie diverse mechanisms of signal transduction at dif- 
ferent stages of muscle development. The localization of 
integrin-regulated kinase activity (ppl25 FAK ) has recently 
been demonstrated at focal adhesions (Schaller et ah, 1992), 
and tyrosine phosphorylation of ppl25 FAIC appears to be 
activated by integrin and dependent on actin filaments 
(Lipfert et al., 1992). A single tyrosine residue in a protein 
kinase phosphorylation consensus site is present in all three 
0:7 cytoplasmic domains. Tyrosine phosphorylation of other 
cytoplasmic proteins also appears to be initiated through 
integrins and this may be enhanced in transformed cells. 
Phosphorylation of tyrosine in the integrin Pi chain cyto- 
plasmic domain in cells expressing pp60 v ' src leads to 
decreased association of the integrin with talin inside the 
cell and decreased association with extracellular matrix 
(Tapley et al., 1989; Horvath et al., 1990). As a conse- 
quence, these transformed cells become rounded. Modul- 
ation of the interactions of cells and extracellular matrix 
also take place during normal processes such as cell migra- 
tion and cell division and these interactions too may be 
mediated by tyrosine phosphorylation (Hynes, 1992). The 
intimate association of 0:7 and Pi and the potential phos- 
photransfer activity, or kinase- and phosphatase-modulat- 
ing capacities of the ct7B cytoplasmic domain, suggest that 
regulation of cell adhesion, mobility, shape and prolifera- 
tion of myoblasts may take place through this integrin com- 
plex. In contrast with myogenic cells that exhibit normal 
expression of the ay integrin and differentiate, mutants that 
are deficient in 0:7 have often lost their ability to control 
replication, are transformed and tumorigenic (Kaufman et 
al., 1985; Foster and Kaufman, 1985) and do not express 
ct7A. Association of extracellular matrix proteins with these 


cells is also altered. Thus both expression of ct7B and the 
switch to ci7A and aic appear to be important to myogenic 
differentiation. Immunologic reagents specific to the 0:7 a 
and ct7C forms will be used to confirm their expression and 
localization. 

Immunolocalization of 0:7 in the cell membrane and 
crosslinking ay integrin with antibodies reactive with its 
extracellular domain renders the C17B cytoplasmic domain 
accessible to an antiserum raised against an immunogenic 
portion of its sequence. It should be noted that this 
crosslinking does not merely serve to aggregate these recep- 
tors and render them more readily detectable. The ay chain 
can be detected by immunofluorescence on cells processed 
at 4°C or fixed with 1% p-formaldehyde to prevent changes 
in its native distribution (Kaufman et al., 1985; Lowrey and 
Kaufman, 1989). Of more physiologic significance, incu- 
bation of cells with laminin also promotes unmasking 
within the cytoplasmic domain and this suggests that occu- 
pancy of the receptor in vivo also modulates such changes 
in the protein. It is highly likely that the capacity of laminin 
to promote the association between integrin and the cell 
cytoskeleton is significant to the changes in mobility, shape 
and proliferative state of these cells growing in a laminin 
environment. The actin-binding motif in the ct7B cytoplas- 
mic domain is similar to that in villin (Friederich et al., 
1992) and may be directly involved in this association. The 
change in reactivity of the cytoplasmic domain with anti- 
body promoted by antibody or ligand may result from alter- 
ing the association of the ay cytoplasmic domain with other 
proteins, and/or, from a conformational change initiated in 
the extracellular portion of the molecule. In either case, 
modulation of the structure of the integrin cytoplasmic 
domain initiated outside the cell likely results in the phys- 
iologic responses of these cells. Similarly, activation of the 
platelet ctnbP3 integrin by thrombin or collagen, or by anti- 
bodies reactive with the receptor, leads to a change in con- 
formation in the |3 chain that also results in its accessibil- 
ity to an antibody (Shatill et al., 1985; Gulino et al., 1990; 
Kouns et al., 1990; Andrieux et al., 1991; O'Toole et ah, 
1991a). Fab' fragments of secondary antibodies are inef- 
fective at promoting association of ay with the cytoskele- 
ton, indicating that bridging at least two ot7Pi heterodimers 
is necessary to alter its cytoplasmic domain and direct its 
interaction with the cell cytoskeleton (Lowrey and Kauf- 
man, 1989). This suggests that some signals are transduced 
into the cell by a mechanism in which integrin crosslink- 
ing and association with the cytoskeleton are important fac- 
tors. As discussed, the ct7B cytoplasmic domain does con- 
tain a rich potential for participating in the transduction of 
signals initiated outside the cell. Further defining the roles 
of the motifs in the cc7B cytoplasmic domain and the diver- 
sity in functions that arise from use of the alternate cyto- 
plasmic domains is of great interest to understanding the 
significance of extracellular matrix and integrins in the 
development of skeletal muscle, and the mechanisms and 
molecules involved in matrix induced signal transduction. 
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Abstract Using monoclonal antibody technology and 
affinity chromatography we have identified four dis- 
tinct classes of cell surface receptors for native colla- 
gen on a cultured human fibrosarcoma cell line, HT- 
1080. Two classes of monoclonal antibodies prepared 
against HT-1080 cells inhibited adhesion to extracellu- 
lar matrix components. Class I antibodies inhibited 
cell adhesion to collagen, fibronectin, and laminin. 
These antibodies immunoprecipitated two noncova- 
lently linked proteins (subunits) with molecular masses 
of 147 and 125 kD, termed a and P, respectively. 
Class II antibodies inhibited cell adhesion to native 
collagen only and not fibronectin or laminin. Class II 
antibodies immunoprecipitated a single cell surface 
protein containing two noncovalently linked subunits 
with molecular masses of 145 and 125 kD, termed a 
and P, respectively. The two classes of antibodies did 
not cross-react with the same cell surface protein and 
recognized epitopes present on the a subunits. Pulse- 
chase labeling studies with [ 35 S]methionine indicated 
that neither class I nor II antigen was a metabolic 
precursor of the other. Comparison of the a and P 
subunits of the class I and II antigens by peptide map- 
ping indicated that the P subunits were identical while 
the a subunits were distinct. In affinity chromatogra- 
phy experiments HT-1080 cells were extracted with 
Triton X-100 or octylglucoside detergents and chro- 
matographed on insoluble fibronectin or native type I 
or VI collagens. A single membrane protein with the 
biochemical characteristics of the class I antigen was 
isolated on fibronectin-Sepharose and could be immu- 
noprecipitated with the class I monoclonal antibody. 


The class I antigen also specifically bound to type I 
and VI collagens, consistent with the observation that 
the class I antibodies inhibit cell adhesion to types VI 
and I collagen and fibronectin. The class II antigen, 
however, did not bind to collagen (or fibronectin) even 
though class II monoclonal antibodies completely in- 
hibited adhesion of HT-1080 cells to types I and 1H-VI 
collagen. The class IP and np subunits were structur- 
ally related to the P subunit of the fibronectin receptor 
described by others. However, none of these receptors 
shared the same a subunits. Additional membrane gly- 
coprotein^) with molecular mass ranges of 80-90 and 
35-45 kD, termed the class III and IV receptors, 
respectively, bound to types I and VI collagen but not 
to fibronectin. Monoclonal antibodies prepared against 
the class III receptor had no consistent effect on cell 
attachment or spreading, suggesting that it is not 
directly involved in adhesion to collagen-coated sub- 
strates. 

These results suggest that the class I and II receptors 
are two new members of a family of cell surface 
receptors for the extracellular matrix involved in medi- 
ating cell adhesion and shall be referred to as ECMRI 
and II. Each member of this family possesses a com- 
mon P subunit and a unique a subunit. The class II 
receptor appears to be a primary mediator of specific 
cell adhesion to collagen. The promiscuous class I 
receptor also mediates cell adhesion to collagen but 
appears to interact with fibronectin and laminin as 
well. The class III receptor is not a member of this 
family of extracellular matrix adhesion receptors but 
does bind specifically to native collagens. 


Fibronectin has been shown to interact with a family 
or families of related cell surface proteins with mo- 
lecular masses of M40 kD in fibroblasts (Brown and 
Juliano, 1985, 1986; Akiyama et a)., 1986; Wylie et al., 
1979), osteosarcoma cells (Pytela et ah, 1985), endothelial 
cells (Plow etal., 1986), lymphoid cells (Brown and Juliano, 


1986), platelets (Pytela et al., 1986; Gardner and Hynes, 
1985), and muscle cells (Horwitz et al., 1985; Dambsky et 
al., 1985; Chapman, 1984). The interaction of fibronectin 
with this cell surface receptor appears to mediate cell adhe- 
sion to fibronectin and to proceed via interaction of the re- 
ceptor with the amino acid sequence RGDS located in the 
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cell attachment domain of fibronectin (Pierschbacher and 
Ruoslahti, 1984a, b\ Akiyama et al M 1985). 

However, the extracellular matrix (ECM) 1 of untransfbrmed 
cultured human fibroblasts, such as WI-38 cells, contains 
large quantities of at least two other transformation-sensitive 
adhesion proteins, GP250 and GP140 (Carter and Hakamori, 
1981; Carter, 1982a, b), as well as fibronectin. GP140 is a 
hybrid protein with a major globular domain and a minor 
collagenous domain that corresponds to the al and/or otl 
subunits of type VI collagen isolated from pepsin digests of 
human placenta (Heller-Harrison and Carter, 1984). Puri- 
fied, nonreduced, and nonpepsinized type VI collagen, or 
GPMO, as well as GP250, can induce stable cell adhesion and 
spreading; demonstrating that the ECM contains major ad- 
hesive proteins other than fibronectin. Since the ECM is 
therefore a complex organization of adhesive proteins (and 
other macromolecular substances such as glycosaminogly- 
cans) it is reasonable to hypothesize the existence of cell sur- 
face receptors other than the fibronectin receptor for ECM 
adhesive components, such as type VI or other collagens. In 
fact, Hay man et al. 0985) have shown that cell adhesion 
to collagen is not inhibited by RGDS-containing peptides. 
Similarly, Nagata et al. (1985) concluded that collagen non- 
competitive^ inhibited cell spreading but not cell attachment 
to fibronectin. These data strongly suggest that cell adhesion 
to collagen is mediated by a receptor distinct from the fibro- 
nectin receptor. Despite considerable effort, conclusive evi- 
dence implicating a particular cell surface receptor(s) in at- 
tachment to collagen has not been presented even though 
various cell surface proteins that do interact with collagen 
have been described in platelets (Chiang and Kang, 1982; 
Kotite and Cunningham, 1986; Santoro, 1986; Saito et al., 
1986), chondrocytes (Mollenhauer and von der Mark, 1983; 
Mollenhauer et al., 1984), hepatocytes (Rubin et ah, 1981), 
and other cells (Kurkinen et al., 1984). 

Furthermore, since type VI collagen differs from collagen 
types I-V in various ways, there is also the possibility that 
die cell surface receptor involved in mediating cell adhesion 
or assembly of type VI collagen into the ECM may be differ- 
ent than the receptor(s) for other collagen types. The unique 
characteristics of type VI collagen relative to other collagen 
types include: (a) a relatively low affinity for the gelatin- 
binding domain of plasma fibronectin when compared with 
collagen types I-V (Carter, 1982*; Heller-Harrison, R. A. 
and W. G. Carter, manuscript in preparation), (b) extensive 
intermolecular disulfide bonding and complex-type glycosy- 
lation within the pepsin-resistant domains (Heller-Harrison 
and Carter, 1984; Carter, 1984), (c) resistance to digestion 
with bacterial collagenase in the nonreduced state (Heller- 
Harrison and Carter, 1984), and (d) preferential accumula- 
tion in the ECM as a detergent-insoluble complex (half-life 
of 73 h) in contrast to other collagens (half-life of 5 h) that 
accumulate as soluble components in cell culture media 
(Carter, 1982a). 

In preliminary work we described three cell surface glyco- 
proteins with molecular masses of 140, 80-90, and 45 kD 
that bound to type VI collagen in affinity chromatography ex- 
periments and considered to be potential cell surface recep- 
tors for type VI collagen involved in cell adhesion (Carter 


1. Abbreviations used in this paper. ECM, extracellular matrix; FNR, fibro- 
nectin receptor; 2-ME, 2-mercaptoethanol; NEM, Af-ethylmaleimide. 


and Wayner-Carter, 1986). In the present paper we have 
extended the previous studies to include inhibition of cell 
attachment with monoclonal antibodies as well as affinity 
chromatography on insolubilized ECM components in order 
to define four cell surface proteins (classes I-IV) with affinity 
for type VI collagen (and/or fibronectin). We also present 
conclusive evidence directly implicating class I and II recep- 
tors in the collagen adhesion process. The role of these 
receptors in mediating cell adhesion to type VI and other col- 
lagen types as well as fibronectin is examined and discussed. 

Materials and Methods 
Materials 

Phenylmethylsulfonyl fluoride (PMSF), tf-ethylmaleimide (NEM), di- 
isopropyl fluorophosphate, 2-mercaptoethanol (2-ME), BSA, Triton X-100. 
n-odyl-p-D-glucopyranoside, EDTA, thermolysin (protease type X), pep- 
sin, protein A-agarose, gelatin (swine skin), tuftsin peptide, and V8 pro- 
tease (from Staphylococcus aureus, strain V8, protease type XVII) were pur- 
chased from Sigma Chemical Co. (St. Louis, MO). Lactone roxidase and 
glucose oxidase were from Calbiochem-Behring Corp. (San Diego, CA). 
Fluorescein-conjugated (goat) anti-mouse IgO and IgM (H and L chains) 
were obtained from Tago, Inc. (Burlingame, CA). Rabbit anti-mouse IgG 
(H and L) antiserum was obtained from Cappel (CooperBiomedical , Mal- 
vern, R\). pCr]Sodium chromate was from New England Nuclear, [^me- 
thionine (Trans "S-label, 1010 Ci/mmol) was from ICN Radiochemicals 
(Irvine, CA). C5 I was from Amersham Corp. (Arlington Heights, IL). The 
GRGDS peptide was obtained from Peninsula Laboratories Inc. (Belmont, 
CA). Rabbit polyclonal antibodies prepared against the fibronectin receptor 
as described by Pytela et al. (1985) were the generous gift of Dr. M. D. 
Pierschbacher (La Jolla Cancer Research Foundation, La Jolla, CA). 

Cells and Cell Culture 

Normal embryonic human lung diploid fibroblasts, WI-38 cells, and SV-40 
virus transfbrmants of WI-38 cells, WI-38 VA13 cells, a human fibrosar- 
coma cell line, HT-1080 cells, and a human rhabdomyosarcoma cell Line, 
A204 cells, were obtained from American Type Culture Collection (Rock- 
ville, MD). Cells were grown in RPMI 1640 medium and 10% FBS in a 
5% CO2 atmosphere. 

Preparation of Monoclonal Antibodies 

Monoclonal antibodies were produced by the methods of Oi and Herzenberg 
(1980) and Taggart and Samloff (1983). Briefly, either BALB/c or RBF/Dn 
mice (Jackson Laboratory, Bar Harbour, ME) were immunized with non- 
try psinized WI-38 VA13 or HT-1080 cells. Immune spleens were removed 
and fused with either SP2/0, or the NS-1/POX-N Y myeloma cell lines. Via- 
ble heterokaryons were selected in RPMI 1640 supplemented with hypo- 
xanthine/aminopterin/thymidine or adenine/aminopterine/thymidine. Het- 
erokaryons were screened for the production of antibodies in a three-stage 
assay as described below. After screening, selected heterokaryons were 
cloned by limiting dilution with thioglycolate-induced irradiated BALB/c 
peritoneal macrophages or thymocytes as feeder cells. 

Screening of Heterokaryons 

Stage One: Solid-Phase Assay. Heterokaryons that produced antibodies 
that reacted with HT-1080 cells were identified in a solid-phase assay. HT- 
1080 cells were grown to confluence in 96- well culture plates (No. 3072; 
Falcon Labware, Oxnard, CA), washed with PBS, fixed with 4% wt/vol 
paraformaldehyde in PBS, blocked with 10% FBS, and then reacted with 
culture supernatant from the heterokaryons. The HT-1080 cells were 
washed, reacted with the secondary antibody rabbit anti-mouse IgG (H and 
L chains), followed by reaction with IJ5 I-protein A and autoradiography of 
the culture plates. 

Stage Two: Immune Precipitation. Heterokaryons producing antibodies 
to cell surface proteins of HT-1080 cells were identified by immunoprecipita- 
tion. HT-1080 cells were surface-labeled with radioactive iodine using the 
lactoperoxidase/glucose oxidase method (Hynes, 1973), followed by extrac- 
tion with 1% vol/vol Triton X-100 detergent in 25 mM Tris-HCl buffer (Tri- 
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ton/TYis), pH 7.5, containing 1 mM diisopropyl fluorophosphate or 1 mM 
PMSF plus 2 mM NEM as protease inhibitors. After ccntrifugation at 
35,000 g for 20 min the soluble detergent extract was mixed with BSA cou- 
pled to Sepharose (BSA-Sepharose) and then recentrifuged to preclear the 
labeled extract. The extract was immunoprecipitated with cell culture super- 
natants from the heterokaryons. lb reduce the number of samples to be 
precipitated, the culture supernatants were placed in a matrix organization 
and then pooled in columns and rows so every supernatant was present in 
two pools derived from one column and one row. The pooled supernatants 
were then used for immunoprecipitation. The precipitates from the columns 
and rows could then be used to identify supernatants with specific antigen 
reactivity. Immunoprecipitation proceeded as follows, (a) Rabbit anti- 
mouse IgG was bound to protein A-agarose by incubation in Triton/Tris con- 
taining 0.5% wt/vol BSA (Triton/Tris/BSA) and then washed by centrifuga- 
tion. (6) The immobilized secondary antibodies were incubated with the 
pooled heterokaryon culture supernatants to immobilize the primary anti- 
bodies, then washed by centrifugation. (c) The immobilized primary anti- 
bodies were incubated with the labeled HT-1080 cell extract, washed in Tri- 
ton/Tris containing 400 mM NaCl, and the bound antigens visualized on 
SDS-PAGE gels by autoradiography. 

Stage Three: Inhibition of Cell Adhesion. Antibodies that would alter 
cell adhesion to either or both fibronectin and type VI collagen were se- 
lected as follows, (a) 48-well virgin styrene plates were coated with pepsin- 
generated type VI collagen or human plasma fibronectin (200 u.1 protein so- 
lution/ well, 5 ug protein/ml) as previously described (Rauvala et al. , 1981; 
Carter, 1982a). The plates were blocked with 200 ill PBS supplemented 
with 10 mg/ml heat-denatured BSA (80°C for 3 min). The 48-well plates 
were obtained by special order from Costar (Van Nuys, CA) and consisted 
of a culture plate (No. 3548, Costar) that had not been treated to induce cell 
adhesion. In the absence of exogenous adhesive protein, HT-1080 cells 
would not adhere to these plates, (b) HT-1080 cells were labeled with 
Na 2 3l Cr0 4 (50 uCi/ml for 2-4 h; New England Nuclear, Boston, MA) and 
were suspended with trypsin (0.05 % wt/vol) in PBS containing 5 mM EDTA 
as previously described (Carter, 1982^). The cells (2 x lOVwell) were in- 
cubated with the heterokaryon culture supernatants (1:2 dilution in PBS sup- 
plemented with 1 mg/ml heat-denatured BSA) or control SP2 cell culture 
supernatant for 1 h at 4°C with agitation, then the cells were allowed to ad- 
here to the fibronectin- or collagen-coated surfaces in the presence of the 
hybridoma supernatants for 15-30 min at room temperature or 37°C. (c) 
Nonadherent cells were removed by washing with PBS. The adherent cells 
were dissolved in SDS/NaOH and quantitated in a gamma counter. 

Sequential Immune Precipitation 

Detergent extracts from HT-1080 cells labeled with radioactive iodine were 
subjected to three cycles of immunoprecipitation using antibodies bound to 
protein A-agarose. Each cycle of precipitation involved the following steps: 
{a) incubation of the amibody-agarose with the labeled cell extract; (b) sepa- 
ration of the antigen antibody agarose from the unbound extract by centrifu- 
gation; and (c) incubation of the next antibody-agarosc complex with the 
unbound extract from step b. 

Preparation of Adhesive Proteins 

Fibronectin. Human plasma fibronectin was purified from human plasma 
by affinity chromatography on gelatin-Sepharose according to the method 
of Engvall and Ruoslahti (1977). 

Cell Adhesion Domain of Fibronectin. Human plasma fibronectin was 
digested with thermolysin as described by Sekiguchi and Hakomori (1983) 
and the gelatin-binding domain was removed by affinity chromatography on 
gelatin-Sepharose. The 140- kD cell adhesion domain was isolated by chro- 
matography on Sephacryl S-200. 

Nonpepsinized 'type VI Collagen. Type VI collagen was isolated from 
human placenta without pepsin digestion or reduction of disulfide bonds by 
extraction of urea-insoluble residue with sodium trichloroacetate (NaTCA) 
as previously described (Carter, 1982a). Briefly, human placentae were 
washed in PBS to remove blood and debris, and were then homogenized in 
PBS in a blender (Waring Products, New Hartford, CT). All steps were car- 
ried out in the presence of 1 mM PMSF, 2 mM NEM, and 5 mM EUTA. 
The homogenate was centrifuged at 25,000 g for 15 min and pellets were 
sequentially extracted with 25 mM Tris-HCL, pH 7.8, containing 2% Empi- 
gen BB and 0.1% SDS; and twice with 25 mM Tris-HCI, pH 7.8, containing 
8 M urea with 1 M NaCl. The resulting pellet was homogenized in 4 M 
NaTCA and incubated with stirring for 4 h. After centrifugation, the super- 
natant fraction, which contained most of the type VI collagen, was dialyzed 


extensively against water. During dialysis the material which precipitated 
was collected by centrifugation, redissolved in 8 M urea in 25 mM Tris- 
HCL, pH 7.8, and finally dialyzed against 0.5 M acetic acid. The dialysate 
was centrifuged, and the supernatant fraction containing the interstitial col- 
lagens and small quantities of types IV and V collagens was discarded. 
Trace quantities of other collagens were removed by digestion with bacterial 
collagenase under nonreducing conditions. In the absence of reducing 
agents type VI collagen is resistant to digestion with collagenase. The type 
VI collagen was further purified by molecular sieve chromatography in 8 M 
urea or SDS on Sephacryl S500L 

Pepsinized Collagen types I and lll-Vl. All collagen types were iso- 
lated from fresh human placenta after digestion with pepsin as described 
by Miller and Rhodes (1982) for collagen types I and lil-V, and as described 
by Jander et al. (1981) for collagen type VI. 

Laminin. Mouse laminin was isolated from Englebreth-Holm-Swarm 
sarcoma grown in BALB/c mice as described by Timpl et al. (1979). 

Pulse-Chase Experiments 

HT-1080 cells were grown to confluence in 6.0-cm culture plates (1 x I0 6 
cells/plate), washed with methionine-free culture medium, and incubated 
in the same medium for 2 h. The methionine-starved cells were pulse- 
labeled with t"S]methionine (75 uCi/ml, 1.5 ml/plate) for 1 h, and then 
washed and chased with RPMI medium containing 10% FBS. At the indi- 
cated time points the plates were washed with PBS, 1.0 ml of Triton/Tris 
buffer containing 1 mM PMSF was added to each plate, and the cell residue 
scraped with a rubber policeman. The detergent suspension was incubated 
on ice for 30 min, centrifuged at 35,000 £ for 20 min and 100-ul aliquots 
of the supernatant quantitatively immunoprecipitated with the indicated an- 
tibodies as described above. The immunoprecipitates were visualized on 
SDS-PAGE gels by fluorography using Enlightning (Bio-Rad Laboratories, 
Richmond, CA). 

Peptide Analysis 

Peptide analysis followed the basic procedure of Cleveland et al . (1977) with 
modifications as follow, (a) Class I and II antigens were immunoprecipitated 
from detergent extracts of iodine-labeled HT-1080 cells, (b) The precipitated 
antigens were fractionated on SDS-PAGE gels (7% acrylamide) in the ab- 
sence of 2-ME in order to resolve the a and p subunits of both antigens. 
The gels were dried, without fixation, and then visualized by autoradiogra- 
phy in order to locate the labeled subunits. (c) The dried regions of the gels 
containing the a and (3 subunits of the class I and II antigens were excised 
and placed in the wells of a second SDS-PAGE gel (20% acrylamide) and 
allowed to rehydrate in the presence of sample buffer for 1 h. (d) V8 protease 
in sample buffer was added to each well (500 ng protease/sample) of the 
gel and incubated for 60 min at room temperature. The completed gels were 
visualized by autoradiography. 

Polyacrylamide Gel Electrophoresis 

SDS-PAGE gels were prepared following the basic stacking gel system of 
Laemmli 0970)- Samples prepared under reducing conditions were dis- 
solved in a sample buffer containing 2 % wt/vol SDS with 5% vol/vol 2-ME 
and heated in a boiling water bath for 5 min. Samples prepared under non- 
reducing conditions were treated as above except that 10 mM NEM was sub- 
stituted for the 2-ME. Prestained protein standards for relative molecular 
mass estimation were obtained from Bethesda Research Laboratories (Be- 
thesda, MD) and were as follows: lysozyme, 14,300; B-lactoglobulin, 
18,400; A-chymotrypsin, 25,700; ovalbumin, 43,000; BSA, 68,000, phos- 
phorylase B, 97,400; and myosin (H chain) 200j000. Protein was determined 
by the fluorescamine method (Udenfriend et al., 1972). 

Preparation of Affinity Resins 

Human plasma fibronectin, purified collagen types I and VI, BSA, and gela- 
tin were coupled to Sepharose CL-4B using the cyanogen bromide activation 
method (Parikh et al., 1974). 

Differential Cell Extracts 

HT-1080 cells were surface labeled following the lactoperoxidase method 
and 125 I (Hynes, 1973). Labeled cells were extracted sequentially in order 
to prepare subpopulations of labeled cell proteins. The sequential extraction 
protocol was basically as previously described (Carter, 1982&) and involved 
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homogenization of labeled cells with a glass Dounce homogenizer (type A) 
in 25 mM TVis-HCI buffer, pH 7.5, and 1 mM PMSF at4°C plus the follow- 
ing in sequence: (a) 0.34 M sucrose and 1 mM E0TA, in the absence of 
detergent to solubilize cytoplasmic and peripherally associated cell surface 
components; (b) 1 % vol/vol Triton X-100 detergent to solubilize components 
that required detergent for solubilization; and (c) 0.5% wt/vol SDS at 100°C 
for 5 min to solubilize residual material. 

Affinity Chromatography 

Cell extracts were chromatographed on BSA-Sepharose in detergent/Tris 
buffer containing 0.5% wt/vol BSA (detergent/Tris/BSA) to preclear the ex- 
tracts. Equal aliquots of the labeled proteins were chromatographed on vari- 
ous affinity columns (10 ml protein-Sepharose/column) in the detergent/ 
Tris/BSA buffer. The columns were washed with 2 bed vol of detergent/Tris/ 
BSA, 2 bed vol of detergent/Tris, and 5 bed vol of 01% vol/vol detergent/ 
Tris to remove unbound proteins. The labeled proteins bound to the affinity 
columns were eluted with final wash buffer containing 200 mM NaCl and/or 
6 M urea as indicated. The eluted components were dialyzed against water 
to remove NaCI and urea, lyophilized, and redissolved in water. 

Fibronectin receptor was isolated from octylglucoside extracts basically 
as described by Pytela et al. (1985) and as follows. Labeled HT-1080 cells 
were extracted in KX) mM octylglucoside detergent in PBS at 4°C containing 
1 mM PMSF as a protease inhibitor The octyglucoside extracts were chro- 
matographed on insoluble fibronectin at 4°C and washed with octylgluco- 
side (25 mM) in PBS. Tuftsin peptide (thr-lys-pro-arg, 1 mg/ml) foiled to 
elute the fibronectin receptor while the peptide gly-arg-gly-asp-ser (1 mg/ml) 
specifically eluted a 140-kD bound receptor. 


Results 

Initially, we attempted to identify a human fibroblast cell line 
that could be used for the isolation of type VI and other colla- 
gen receptors. We needed a cell line that would demonstrate 
rapid and promiscuous attachment to ECM components, in- 
cluding types I and III-VI collagen and fibronectin, and it 
was critical that the cells not synthesize a stable ECM or 
significant quantities of disulfide-bonded type VI collagen. 
As seen in Ikble I, both normal and transformed human 
mesenchymal cells attach to pepsinized collagen types I, m, 
IV, V, and VI, native nonpepsinized type VI collagen (results 


Table I Adhesion of Normal and Malignant Mesenchymal 
Cells to Protein-coated Surfaces 

Cell adhesion (percent of cells added)* 


Adhesion surface* 

A204 

HT-1080 

WI-38 

WI-38 VA13 

BSA 

0.5 

0.6 

0.2 

0.2 

Concanavalin AS 

38.5 

89.9 

85.5 

52.3 

Fibronectin 

36.3 

73.5 

63.6 

64.1 

Laminin 

5.6 

36.1 

65.9 

53.7 

Collagen 





I 

6.8 

53.4 

68.4 

57.6 

III 

9.0 

33.0 

64.1 

57.9 

IV 

4.5 

44.0 

58.1 

53.1 

V 

2.0 

43.0 

60.1 

50.4 

VI 

29.4 

52.8 

65.8 

62.7 


* 48-well virgin styrene plates were coated with the indicated proteins (200 ul 
protein solution/well, 25 ug protein/ml for 2 h), then washed and blocked with 
1 % wt/vol heat-denatured BSA in PBS. 

t Cells were labeled with "Cr, suspended by trypsin digestion, washed, 
placed in the protein-coated wells, and incubated for 30 min. The nonadherent 
celts were removed by washing and the bound cells were dissolved in 
SDS/NaOH and counted in a gamma counter. Cell adhesion = cpm (cells 
bound) /cpm (total cells added). 

5 In most cases, cell attachment to concanavalin A represented the maximal 
number of cells that could bind to the adhesion surface. 


not shown), fibronectin, and laminin. All cells examined did 
synthesize soluble forms of native type VI collagen to vary- 
ing degrees, but only the normal WI-38 cells assembled a 
stable detergent-insoluble ECM containing disulfide-bonded 
type VI collagen (Carter, 1982&, 1984). Hie transformed 
cells, however, maintained the ability to attach and spread on 
type VI collagen and other ECM components, indicating that 
they still possessed the full range of receptors. HT-1080 
fibrosarcoma cells exhibited the most rapid and extensive 
adhesion to ECM components at room temperature (data not 
shown) as well as 37°C (Table I) and were selected for use 
in isolation of cell surface receptors for type VI collagen. 
Curiously, A204 cells appeared to exhibit a preference for 
type VI collagen when compared with other collagen types, 
even though type V collagen is the major collagenous protein 
synthesized by these cells (Alitalo et al., 1982). 

Cell Adhesion to Collagen and Fibronectin Is Mediated 
by Independent Receptors 

Previous results (Carter, 1982a) have shown that polyclonal 
antibodies that react specifically with fibronectin will inhibit 
cell adhesion to fibronectin but not type VI collagen. Thus, 
cell adhesion to type VI collagen does not proceed via inter- 
action with fibronectin on the cell surface. The possibility 
that cell adhesion to type VI collagen and fibronectin might 
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Figure 1. Inhibition of cell attachment to fibronectin and type VI 
collagen with soluble cell attachment domain of fibronectin. Fibro- 
nectin and type VI collagen were coated on plastic surfaces as de- 
scribed in Materials and Methods (0.6-10X) jig protein/ml per well). 
The soluble cell attachment domain of fibronectin was isolated from 
thermolysin digests and added to the BSA-blocked adhesion sur- 
faces as a competitive inhibitor of cell adhesion (final concentration 
of 1 mg/ml). HT-1080 cells were labeled with "Cr and added to 
the attachment assay, incubated for 30 min, and then washed to re- 
move nonadherent cells. The adherent cells were dissolved in SDS/ 
NaOH and counted in a gamma counter. (Open triangles) VI plus 
cell adhesion domain of fibronectin; (solid triangles) VI minus cell 
adhesion domain of fibronectin; (open circles) fibronectin plus cell 
adhesion domain of fibronectin; (solid circles) fibronectin minus 
cell adhesion domain of fibronectin. 
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2. Inhibition of HT-1080 cell attachment to fibronectin, type 
I, and type VI collagens with class I (P4E7) and class II (P1H5) 
monoclonal antibodies. Cells were labeled with 3l Cr and incu- 
bated on plastic surfaces coated with fibronectin (FN), type VI col- 
lagen (VI), and type I collagen (I) in the presence of the indicated 
antibodies (100 ug antibody/ml final concentration) as described in 
Materials and Methods. After 30 min incubation the nonadherent 
cells were removed by washing and the adherent cells dissolved in 
SDS/NaOH and counted in a gamma counter. Total cells bound to 
each adhesion surface in the presence of SP2 cell culture superna- 
tant alone, control, are indicated as 100%. The inhibitory effect of 
the class I (P4E7) and class II (P1H5) antibodies is calculated as 
a percentage of cell adhesion in the presence of SP2 cell culture su- 
pernatant alone. 


involve distinct receptors was investigated by means of a 
competitive inhibition assay (Fig. 1). The data depicted in 
Fig. 1 show clearly that HT-1080 cell attachment to type VI 
collagen (or type I and III collagen, results not shown) was 
not inhibited by a proteolytic fragment of plasma fibronectin 
containing the cell attachment domain (140 kD, Fig. 1). In 
contrast, the cell attachment domain of plasma fibronectin 
(1 mg/ml) significantly inhibited HT-1080 cell attachment to 
fibronectin (54%). In addition, HT-1080 cell attachment to 
types I, III, and VI collagen were also unaffected by the arg- 
gly-asp-ser (RGDS)-containing peptides (data not shown). 
Similar inhibition results for cell adhesion to interstitial col- 
lagens with RGDS-containing peptides have been reported 
by Hayman et al. (1985). On the basis of these data it can be 
concluded that types I, in, and VI collagen and fibronectin 
do not compete for the same receptor binding site and that 
the collagen receptor may be RGDS independent. 

Preparation of Monoclonal Antibodies that Specifically 
Inhibit the Interaction of Human Fibroblasts with Type 
VI Collagen 

We attempted to identify the cell surface receptor(s) involved 
in attachment of mesenchymal cells to type VI collagen by 
preparing monoclonal antibodies to HT-1080 cells that would 
alter cell adhesion to ECM components. Monoclonal anti- 
bodies were successfully screened via a three-stage process. 
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Figure 3. The effect of reducing agents and basic pH on the migra- 
tion and association of the subunits of class I— III antigens. HT-1080 
cells were surface labeled with radioactive iodine, then extracted 
with Triton X-100 detergent (7X). Aliquots of the soluble extract 
were immunoprecipitated with class I (F4E7), class II (P1H5), and 
class in (P1G12) monoclonal antibodies. Before immunoprecipita- 
tion, the extracts were either untreated or subject to temporary ele- 
vation of the pH to 11.5 followed by neutralization in order to dis- 
sociate the subunits. The immune precipitates were developed on 
SDS-PAGE gels (7% acrylamide) in the presence and absence of 
2-ME (+ or — 2-ME) and visualized by autoradiography. Migra- 
tion of the a and P subunits of the class I and II antigens under non- 
reducing conditions are indicated at right. 


(a) Hybridomas producing antibodies that would react with 
whole HT-1080 cells in a solid-phase assay were identified. 

(b) Antibodies from HT-1080-positive hybridomas were 
screened for their ability to immunoprecipitate cell surface 
proteins from Triton X-100 detergent extracts of HT-1080 
cells surface-labeled with radioactive iodine by the lactoper- 
oxidase method, (c) Antibodies that would immunoprecipi- 
tate cell surface proteins were subsequently screened for 
their ability to inhibit or increase cell adhesion to type VI 
collagen. Since we were interested in obtaining antibodies to 
receptors specific for type VI collagen we also screened hy- 
bridoma supernatants for the ability to inhibit type I colla- 
gen, fibronectin, and laminin-mediated attachment as well. 
All positive hybridomas were subsequentiy cloned by limit- 
ing dilution to ensure monoclonality. 

Using this screening process, we identified two classes of 
monoclonal antibodies that could alter HT-1080 cell attach- 
ment to type VI collagen. Class I monoclonal antibodies, 
represented here by P1B5, P2E6, and P4E7, all inhibited HT- 
1080 cell attachment to type VI and I collagens and, surpris- 
ingly, partially inhibited attachment to fibronectin (Fig. 2) 
and laminin as well (results not shown). Class I antibodies 
all precipitated the same cell surface protein. By SDS-PAGE, 
the class I antigens migrated as two bands with relative mo- 
lecular masses of 147 and 125 kD under nonreducing condi- 
tions and were termed a and 0, respectively (Fig. 3). In the 
presence of 2-ME, the a and £ subunits reversed their rela- 
tive order of migration but were poorly resolved and migrat- 
ed with molecular masses of 130 and 135 kD, respectively. 
The fact that the a subunit of the class I antigen was found 
to migrate with lower relative molecular mass than the p 
subunit under reducing conditions was determined as fbl- 
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EXP 1 EXP 2 Figure 4. Sequential immunopre- 

cipitation of class I and class II 
antigens. Experiment 1 (EXP 1): 
Triton X-100 detergent extracts 
were prepared from HT-1080 cells 
after surface labeling with radio- 
active iodine. An aliquot of the la- 
beled extract was subject to three 
cycles of immunoprecipitation as 
follows, (a) Class I (P1B5) anti- 
body was used to precipitate anti- 
gen from the extract, (b) The ex* 
tract was then reprecipitated with 
class I antibody to ensure that the 
class I antigen was quantitatively 
removed, (c) The class I-free ex- 
tract was then immunoprecipi- 
tated with class II (P1HS) anti- 
body. The antigens from the three 
sequential immunoprecipitation 
steps were analyzed on SDS-PAGE gels (7%) in order (labeled I, 

I, and II, from left to right) in the presence of 2-ME followed by 
autoradiography. Migration of the a and (3 subunits of the class II 
(right) and class I (Left) are indicated. Experiment 2 (EXP 2): the 
procedure was repeated as described above except that the sequence 
of precipitation steps was class II, class II, and class I (labeled D, 

II, and I from left to right). 


lows. The a and P subunits were purified on a preparative 
SDS-PAGE gel under nonreducing conditions, where the 
subunits are resolved. The isolated subunits were again sub- 
jected to electrophoresis under reducing conditions (both 
side by side and remixed), where the a subunit migrated with 
a lower molecular mass than the p subunit (results not 
shown). 

Class D monoclonal antibodies, represented by clone P1H5, 
inhibited cell adhesion to type VI and I collagens (and type 
III, IV, and V collagens, data not shown) only and not to 
fibronectin (Fig. 2) or laminin (data not shown). The class 
II antibodies precipitated a single cell surface protein with 
two subunits with molecular masses of 145 and 125 kD 
for the a and P subunits, respectively, under nonreducing 
conditions. In the presence of 2-ME, the a and P subunits 
migrated with molecular masses of 140 and 135 kD, respec- 
tively. The data obtained from inhibition of cell attachment 
studies with class II antibodies strongly suggested that at- 
tachment to collagen was mediated by this class II receptor. 

A third class of monoclonal antibody, termed class III, and 
represented by clones P1G12 and P3H9, either increased cell 
adhesion to collagen (under conditions of minimal cell at- 
tachment) or had no effect (similar to the SP2 control in Fig. 
2, when attachment approached maximum), and immu no- 
precipitated an antigen that migrated as a diffuse single band 
on SDS-PAGE gels with a relative molecular mass of 90 kD 
under reducing conditions and 80 kD under nonreducing 
conditions (Fig. 3). The class m antigen appeared to be simi- 
lar to an 80-90-kD cell surface glycoprotein we previously 
reported as binding to type VI collagen (Carter and Wayner- 
Carter, 1986). Therefore, antibodies reactive with class III 
antigen were selected for further study. 

As previously indicated (Fig. 3), class I— IH antigens could 
be labeled by lactoperoxidase-catalyzed iodination, indicat- 
ing that they are present on the cell surface. These proteins 


could also be metabolically labeled with radioactive amino 
acids (Fig. 6) and glucosamine (data not shown), indicating 
that they are cell-synthesized glycoproteins. The membrane 
localization of all three classes of antigen was further estab- 
lished by immunofluorescence microscopy (data not shown). 

These results indicated that HT-1080 cell adhesion to fibro- 
nectin and collagen could be differentiated on the basis of in- 
hibition with the class I and class II monoclonal antibodies. 
They further suggested that cell adhesion to collagen was 
mediated by both class I and n antigens and that adhesion 
to fibronectin was mediated, at least in part, by the class I 
antigen. Results to be presented below and elsewhere (Way- 
ner, E. A. , and W. G. Carter, work in progress) suggested that 
there are at least two distinct fibronectin receptors. The rela- 
tionship of the class I antigen to the fibronectin receptor de- 
scribed by others (Pytela et al., 1985) will be discussed in 
detail (see below). 

Comparison of Class I and II Antigens 

Sequential immunoprecipitation of the class I and II antigens 
with the appropriate antibodies indicated that neither anti- 
body class recognized antigen from the other class (Fig. 4). 
Similar comparisons were also made between class m and 
class I or n antigens using sequential immunoprecipitation, 
with no indication of cross-reactivity between the antibody 
classes. Immunoprecipitation of the class II antigen after 
temporary adjustment of the pH from 7.5 to 11.5 and back 
again in order to dissociate the subunits resulted in precipita- 
tion of only the a subunit (Fig. 3). Thus, the class lip subunit 
is noncovalently associated with the a subunit and is not rec- 
ognized by the class II antibody. Subunit-dissociating condi- 
tions (pH 11.5, see Fig. 3, SDS or SDS plus 2-ME) either 
failed to dissociate the a and P subunits of the class I antigens 
or denatured the epitope recognized by the antibody. Thus, 
the a and P subunits of the class I antigens appeared to be 
more tightly associated than the subunits of the class II anti- 
gen or the class I antibody (P1B5) reacted with both subunits. 
Regardless, this method did not enable us to conclusively 
identify which subunit contained the epitope recognized by 
the class I antibody. However, since anti-class Ila did not 
cross-react with class I (Fig. 4) and since the class If* and 
IIP subunits appeared to be identical (see below) it can be 
inferred that P1B5 anti-class I probably reacts with either an 
a-specific or an a-p complex. This possibility was con- 
firmed by the pulse-chase labeling described below. 

The P subunits of the class I and II antigens co-migrated 
under both reducing and nonreducing conditions (Fig. 3) in 
contrast to the a subunits, suggesting that the P subunits may 
be structurally related proteins. This possibility was con- 
firmed by proteolytic digestion of the a and p subunits from 
both classes of antigen using V8 protease followed by com- 
parison of the peptides by the method of Cleveland et al. 
(1977). As seen in Fig. 5, the peptide maps of the P subunits 
were virtually identical, suggesting a high degree of amino 
acid sequence homology. In contrast, the peptide maps of the 
a subunits were clearly distinguishable. Curiously, the class 
Ila subunit did exhibit some degree of homology to both P 
subunits. The structural similarities of the class I and II anti- 
gens suggested that one antigen may be a metabolic precur- 
sor of the other. This possibility was further analyzed by 
following the kinetics of synthesis of the two antigens by 
pulse-chase labeling studies with radioactive methionine 
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Figure 5. Comparison of Ihe pep- 
tide maps of the a and P subunits 
of class I and II antigens after di- 
gestion with V8 protease. The a 
and P subunits of class I and II an- 
tigens were isolated from Triton 
X-IOO extracts of surface-labeled 
HT-1080 cells by immunoprecipita- 
tion and preparative SDS-PAGE 
under nonreducing conditions. Each 
isolated subunit was digested with 
5. aureus V8 protease, followed by 
comparison of the peptide maps on 
SDS-PAGE gels (20% acrylamide), 
and autoradiography. 


(Fig. 6). A number of specific points were made clear by 
these studies, (a) Throughout the duration of the study (0- 
30 h), both the a and P subunits of class I and II antigens 
exhibited similar kinetics for methionine incorporation, as 
observed by immunoprecipitation. Thus, there was no indi- 
cation that either class I or II antigen was a precursor to the 
other, (b) A metabolic precursor to the class I antigen, la- 
beled prel in Fig. 6, was observed during the first 2 h of the 
chase period. The prel form did not co-migrate with any of 
the common fi subunits in either class I or II and was not 
precipitated by the a-specific class II antibody. Therefore, 
prel probably corresponded to the precursor to the la sub- 
unit before association with the common P subunit. Thus, 
the PIB5 class I monoclonal antibody must react with the la 
subunit, not the 10 or a-P combination, (c) We did not ob- 
serve that the class lla subunit was a precursor to the class 
Hp subunit. Even after a prolonged chase period (30 h), 
there was no observed decrease of label in lla corresponding 
to an increase in lip. The epitope for the class II antibody 
was localized to the a subunit (Fig. 3). Thus, the observed 
30-60-min delay in precipitation of the HP subunit probably 
reflects the posttranslational association of the IIP subunit 
with the lla subunit. This delay in posttranslational associa- 
tion was also observed for the association of the la and ip 
subunits. 



FN VI 


Figure 7 Identification of the peripheral cell surface receptors for 
type I and type VI collagen by affinity chromatography of HT-1080 
cell extracts. Surface-labeled cells were differentially extracted as 
described in Materials and Methods. The three extracts, peripheral 
(SUCR), membrane (TX), and SDS-soiuble (SDS) were compared. 
The extract containing the labeled peripheral components that did 
not require detergent for solubilization was divided into equal ali- 
quots and chromatographed on type I collagen-Sepharose (/), type 
VI collagen-Sepharose {VI), and fibronectin-Sepharose (FN), Un- 
bound protein was removed by washing and bound protein el u ted 
first with 200 mM NaCI (NaCI) and second with 6 M urea (UREA), 
The eluted material was analyzed on SDS-PAGE gels (12% acryl- 
amide) by autoradiography. Migration of standard proteins is indi- 
cated at left. 


Identification of Multiple Cell Surface Receptors 
for Type VI Collagen and Fibronectin by Affinity 
Chromatography 

Surface-labeled HT-1080 cells were sequentially extracted 
with buffer containing: (a) isotonic sucrose, with no deter- 
gent, to solubilize peripheral components that were not in- 
trinsic to cellular membranes; (b) Triton X-100 detergent, to 
solubilize membrane components; and (c) SDS to dissolve 
the residue (see Fig. 7). Greater than 70% of the total cell 
protein was soluble in the absence of detergent, including la- 
beled proteins in the molecular mass range of 30-60 kD (Fig. 
7). Extraction with Triton X-100 detergent released multiple 
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Figure 6. Analysis of the ki- 
netics of synthesis of class I 
- O - M F aml 11 antigens by pulse-chase 
metabolic labeling. HT-1080 
cells were pulse labeled with 
radioactive methionine for 1 h 
and then chased with nonra- 
+ 2- M E dioacti ve methionine for the in- 
dicated time periods (0, 0.5 h t 
etc.)- Time point 0 corresponds 
to the end of the pulse-label- 
ing period. Triton X-100 de- 


tergent-soluble extracts were prepared from the cells and immunoprecipitated with class I (P1B5) and class II (P1H5) monoclonal antibodies 
or control culture supernatant (SP2) and then analyzed on SDS-PAGE gels (7% acrylamide) in the presence and absence of 2-ME ( + 
or - 2-ME) followed by fluorography. Only relevant regions of the fluorographs are shown. The 30-h SP2 control (+ 2-ME) time point 
is not shown. Migration of the a and f) subunits of the class I and II subunits are indicated at left. Migration of precursor forms of the 
class I antigens are labeled prel. Migration of i2S \ surface-labeled class I and II antigens from HT-1080 cells are shown in the gel lanes 
at far left. 
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labeled proteins that required detergent for solubilization 
and co-migrated with the antigens precipitated with the class 
I and III monoclonal antibodies (Fig. 7). The two extracts 
containing the peripheral and membrane components solubi- 
lized with Triton X-100 detergent were each diluted in buffer 
containing BSA (0.5% wt/vol) and Triton X-100 detergent 
and then passed over BSA-Sepharose to remove proteins that 
might bind nonspecifically to subsequent affinity columns. 
Gelatin-Sepharose, or denatured collagen, was also included 
as a further control to identify nonspecifically bound pro- 
teins and gave results similar to BSA-Sepharose (results not 
shown). Aliquots of the extracts were chromatographed on 
fibronectin-, type I collagen-, and type VI coilagen-Sepha- 
rose. Each column was washed with buffer containing Triton 
X-100 to remove unbound components. Bound proteins were 
eluted with wash buffer containing, first, 200 mM NaCl, and 
second, 6 M urea. A two-stage elution protocol was used be- 
cause we assumed that the various components, particularly 
the hydrophobic membrane proteins, might exhibit weak in- 
teractions with the affinity columns after solubilization with 
detergents and would be denatured by an ionic environment. 
Physiological salt concentrations have previously been re- 
ported to disrupt receptor-collagen interactions (Mollen- 
hauer and von der Mark, 1983). 

Three proteins with molecular masses of 38, 42, and 45 
kD from the peripheral cell extracts (Fig. 7) bound to both 
type I and VI collagen but not fibronectin and were termed 
class IV receptors. These proteins could be partially eluted 
with NaCl. A protein of 56 kD bound to all the affinity 
columns, exhibiting no binding specificity, and required urea 
for elution. These results suggest that the class IV receptors 
bind preferentially to both type I and VI collagens and that 
these proteins are peripherally associated cell surface com- 
ponents and not intercalated into the plasma membrane. 

The Triton X-100 detergent extract of HT-1080 cells con- 
tained two labeled cell surface proteins or groups of proteins 
that bound reproducibly to both type I and type VI collagen 
with molecular masses of approximately 140 kD (termed 
class I receptor) and 80-90 kD (termed class III receptor) 
when subjected to electrophoresis under reducing conditions 
(Fig. 8). In contrast, a single labeled protein of 140 kD bound 
to fibronectin. These results indicated that the class III and 
IV receptors bond only to collagen, while class I-like recep- 
tors, possibly identical, bond to both collagen and fibronec- 
tin. The failure of any of these receptors to bind to gelatin 
indicated that fibronectin, possibly present in the cell ex- 
tract, did not link the receptors to the native collagen-Sepha- 
rose. It also indicated that the receptors preferentially bound 
to native collagen conformations. 

Identification of the Collagen and Fibronectin 
Receptors as Class I and III Antigens 

The possibility that any of the class I-III antigens defined by 
the monoclonal antibodies may be identical to the cell sur- 
face proteins bound to the affinity columns was examined by 
(a) comparing the mobility of the various components on 
SDS-PAGE gels under both reducing and nonreducing con- 
ditions (Fig. 9) and (b) immunoprecipitation of the affinity- 
purified receptors with the monoclonal antibodies (Fig. 10). 
The class I antigen co-migrated with the class I receptor that 
bound to both fibronectin and collagens. The class I receptor 
exhibited the characteristic alterations in migration of the a 
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Figure 8. Identification of membrane receptors for type I and type 
VI collagen and fibronectin by affinity chromatography of HT-1080 
cell extracts. Surface-labeled cells were differentially extracted as 
described in Fig. 7 and Materials and Methods. The labeled mem- 
brane components that required Triton X-100 detergent for solubili- 
zation (TX) were extracted, chromatographed, and analyzed as de- 
scribed in Fig. 7. The quantity of radioactive material eluted with 
urea was minimal compared with material eluted with NaCl, and 
was therefore given five times the exposure period of the NaCl- 
eluted material. 


and (3 subunits of the class I antigen under reducing and non- 
reducing conditions in contrast to the distinct migration of 
the class II antigen as previously described (Fig. 3). In addi- 
tion, the class I antibody, but not the class II antibody, immu- 
noprecipitated the class I receptors bound to both fibronectin 



Figure 9. Comparison of the class I and ID antigens to the affinity- 
purified receptors for fibronectin, type I, and type VI collagen. 
Surface-labeled HT-1080 cells were differentially extracted as de- 
scribed in Fig. 7 and Materials and Methods. The Triton X-100 de- 
tergent extract was used for affinity purification of receptors for 
fibronectin (FN), type I collagen (/), and type VI collagen (VI) 
as described in Fig. 8, using salt elution. The detergent extract 
was also used for immunoprecipitation with class I (P1B5) and class 
III (P1G12) antibodies. The relative migration of the isolated recep- 
tors and antigens were compared on SDS-PAGE gels (7% acryl- 
amide) in the presence and absence of 2-ME (+ or - 2-ME) after 
autoradiography. 
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tfgKW 7Ct Immunoprecipitation of affinity-purified receptors for 
fibronectin, type I, and type VI collagen with class I and IE mono- 
clonal antibodies. Receptors for type VI collagen (VI) and fibronec- 
tin {FN) were affinity purified from Triton X-100 extracts of surface- 
labeled HT-1080 cells as described in Fig. S. The receptors were 
then immunoprecipitated with the following antibodies: class I, 
P1B5; class n, P1H5 and P4B4; and class III, PIG 12. The immuno- 
precipitates and the receptors were compared on SDS-PAGE gels 
(7% acrylamide) in the absence of 2-ME by autoradiography. 


and collagen (Fig. 10). These results indicated that the class 
I receptor that bound to fibronectin and collagen contained 
detectable levels of the class I antigen. The fact that the class 
I receptor could be immunoprecipitated from proteins affin- 
ity purified on type VI collagen and fibronectin confirmed 
the cell attachment data (Fig. 2) and strongly suggested the 
existence of fibroblast cell surface receptors capable of inter- 
acting with multiple ECM components. We are currently in- 
vestigating whether the class I receptor can interact with 
RGD-containing peptides. In the presence of Triton X-100 or 
zwitterionic detergents such as Empigen BB, the class II 
receptor did not appear to bind native collagen (See Dis- 
cussion). 

As seen in Fig. 9, the class III antigen was found to co- 
migrate with the class in collagen receptor and this receptor 
was immunoprecipitated with the class in antibody (Fig. 10). 
A protein band migrating at ~90 kD was not immunoprecip- 
itated with the class III antibody and may represent an addi- 
tional receptor unrelated to the class III antigen. This possi- 
bility is currently under further investigation. We also found 
that the isolated class III receptor degraded on storage, with 
generation of lower molecular mass degradation products, 
primarily in the 60-kD range. These degradation products 
could not be immunoprecipitated with the class HI anti- 
bodies. 

The Relation of Class I Antigen to the Previously 
Described Fibronectin Receptor 

Both the class I and II receptors bore remarkable structural 
similarities to the fibronectin receptor (FNR) isolated from 
osteosarcoma cells by Pytela et al. (1985). However, both the 
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Figure 11. Relation of the class I and II receptors to the FNR. (Left) 
Triton X-100 detergent-soluble extracts were prepared from surface- 
labeled HT-1080 cells and immunoprecipitated with the class I, II, 
and anti-FNR antibodies or control SP2 culture supernatant. The 
antigens were fractionated on SDS-PAGE gels (8%) in the absence 
of 2-ME in order to resolve the a and p subunits. The migration of 
the subunits are indicated at left. (Right) The class I, II, and fibro- 
nectin receptors were purified by immunoprecipitation as above, 
and then the a and p subunits and antigen-antibody complexes were 
dissociated in SDS at 100°C The dissociated subunits from each 
receptor were then reprecipitated with anti-FNR and examined on 
SDS-PAGE gels in the absence of 2-ME. The anti-FNR immuno- 
precipitated the 0 subunit from all three receptors. 


class I and II receptors exhibit different binding specificities, 
based on inhibition of cell adhesion, then ascribed to the 
FNR. To facilitate a comparison of the class I and II recep- 
tors to the FNR, we obtained rabbit polyclonal antibodies 
prepared against the FNR, termed anti-FNR. The relation- 
ships of the class I and II antigens to the FNR were examined 
in the following series of experiments, (a) Immunoprecipita- 
tion of Triton X-100 detergent extracts prepared from sur- 
face-labeled HT-1080 cells was performed with class I and 
II monoclonal antibodies and anti-FNR. On SDS-PAGE 
gels, under reducing (Fig. 11) and nonreducing conditions 
(results not shown), the migration of the a and P subunits 
of the class I and FNR antigens were virtually identical (Fig. 
11). As expected, under nonreducing conditions, only the P 
subunit of the class II antigens co-migrated with the other p 
subunits (data not shown). Thus, on the basis of subunit 
migration, the class Ua appeared to be distinct from the 
FNRa. In contrast, the class la subunit was similar to the 
a subunit of the FNR. (b) Sequential immunoprecipitation 
experiments revealed that the P subunits of all three antigens 
(I, II, and FNR) were identical. The class I and II antigens 
were purified by immunoprecipitation, denatured to separate 
the a and (3 subunits, and then reprecipitated with anti-FNR. 
As seen in Fig. 11, anti-FNR immunoprecipitated the P sub- 
units of the class I and II antigens, suggesting that all three 
antigens bear the same p subunit in support of our peptide- 
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mapping studies (Fig. 5). Further, we compared the P sub- 
units of the class I and II receptors and FNR fay peptide anal- 
ysis using the method of Cleveland et al. (1977) and detected 
extensive homology in all three f) subunits (results not shown). 
Anti-FNR did not immunoprecipitate the la subunit, sug- 
gesting that the class la and FNRa antigens were not identi- 
cal (Fig. 11). However, in control experiments, anti-FNR 
reacted only weakly with its own denatured FNRa subunit 
(Fig. 11), suggesting that anti-FNR was primarily (3 subunit 
specific. The possibility that anti-FNR might react more 
specifically with nondenatured FNRa or class la was evalu- 
ated by preclearing experiments. However, without prior dis- 
sociation of the a and P subunits, anti-FNR was found to par- 
tially immunoprecipitate both class I and II antigens as well 
as additional proteins containing similar a-(J subunit struc- 
tures, as would be expected due to the common f) subunit 
specificity (results not shown). Because the anti-FNR anti- 
bodies reacted primarily with the common (J subunit, further 
comparison of the class la and Ua subunits with the FNRa 
were not feasible using this antibody, (c) lb compare the a 
subunits of the class I and II receptors to FNRa, we purified 
FNR from octylglucoside extracts of surface-labeled HT- 
1080 cells by chromatography of the extracts on insoluble 
fibronectin. The bound FNR was not eluted with a nonadhe- 
sive peptide, thr-lys-pro-aig (Tuftsin), but was specifically 
eluted with the adhesion-active peptide, gly-arg-gly-asp-ser, 
as described by Pytella et al. (1985). This affinity-purified 
FNR co-migrated with the class I receptor on SDS-PAGE 
gels under both reducing and nonreducing conditions. How- 
ever, the RGDS peptide-eluted FNR did not react with the 
class I monoclonal antibody but did react with the (5 sub- 
unit-specific anti-FNR antibodies (results not shown). 

In summary, based on the inhibition of cell adhesion data 
(Fig. 2) and the results with the (3 subunit-specific anti-FNR 
(Fig. 11) and affinity-purified FNR prepared as described by 
Pytela et al. (1985), we conclude that: (a) the class I, II, and 
FNR antigens are all members of a related family of cell sur- 
face ECM receptors that possess common p subunits; and 
(b) the a subunits of the class I, II, and FNR antigens are 
immunologically and functionally unique. Thus, class I and 
II represent two new members of the ECM receptor family 
that possess a subunits which are functionally distinct from 
the previously described FNR. 

Discussion 

Many normal human mesenchymal cells synthesize a com- 
plex ECM which contains multiple detergent-insoluble adhe- 
sive glycoproteins, including fibronectin, type VI collagen, 
and GP250 (Carter, 1982a, ft). We have previously proposed 
that these proteins may function cooperatively to mediate 
cell adhesion (Carter, 1982a). lb further clarify the mecha- 
nisms of adhesion to and assembly of the ECM, we have iden- 
tified four classes of cell surface protein receptors, classes 
I-IV, that interact with collagen and/or fibronectin as deter- 
mined by: (a) inhibition of cell adhesion with monoclonal 
antibodies to receptors and/or (b) affinity chromatography on 
immobilized ECM proteins. 

Class II Antigen: A Collagen-specific Receptor 
Involved in Cell Adhesion 

Although we initiated these studies to identify the receptor 
for type VI collagen, we did not obtain any antibodies that 


specifically inhibited cell attachment to type VI. All the class 
n antibodies that inhibited attachment to type VI collagen 
also inhibited attachment to other collagens, but not to fibro- 
nectin, laminin, or lectin-coated surfaces. However, very lit- 
tle class n antigen bound to native collagen columns under 
the present affinity chromatography conditions. In contrast, 
the promiscuous class I receptor exhibited a much more sta- 
ble interaction with ligands and was shown to bind to both 
collagen and fibronectin in support of the monoclonal anti- 
body inhibition data. At the present time we have no explana- 
tion for the difference in the stability of class I and D recep- 
tor-ligand interaction. One possible explanation might simply 
be that the association of the class II a and (J subunits is un- 
stable. For example, high pH dissociated the class II a and 
P subunits, but not the class I a and (J subunits. We also ob- 
served that the a subunit-specific epitope recognized by the 
class II antibodies was denatured by Empigen BB, a zwitter- 
ionic detergent. This detergent had no effect on the epitopes 
recognized by the class I antibodies. Thken together, these 
results suggest that the class II receptor is unstable and may 
not retain its collagen-binding conformation after solubiliza- 
tion with most detergents. Alternatively, the naturally occur- 
ing receptor for the class n antigen may be a complex of col- 
lagen with some other component of the ECM, such as 
fibronectin or glycosaminoglycan. Both possibilities are cur- 
rently being investigated. The class II antigen appears to be 
a new member of the family of adhesion receptors with com- 
mon P subunits and unique a subunits, which confer binding 
specificity for multiple components of the ECM involved in 
cell adhesion. 

Class I Receptor: A Promiscuous Cell Adhesion 
Receptor for Multiple Components of the ECM 

The class I receptor bound to fibronectin in affinity chroma- 
tography experiments and reacted with the class I monoclo- 
nal antibodies which inhibited cell adhesion to fibronectin. 
These results indicate that HT-1080 cell adhesion to fibronec- 
tin is mediated, at least in part, by the class I receptor. How- 
ever, the class I receptor also bound to type I and VI colla- 
gens and cell adhesion to collagen and laminin were also 
inhibited by class I monoclonal antibodies. Because of their 
obvious biochemical similarities, it was necessary to inves- 
tigate the relationship of the class I and II antigens to the 
FNR described by Pytela et al. (1985). Polyclonal antibodies 
specific to the FNR were found to cross-react with the P 
subunits of both the class I and II receptors, indicating that 
they are all member of the same ECM receptor family. How- 
ever, no cross-reaction of the anti-FNR antibodies were ob- 
served with the a subunits of either the class I or II receptors 
after the a subunits were dissociated from the common P 
subunits. In addition, neither the class I nor II antibodies 
reacted with the FNR isolated by RGDS peptide elution from 
fibronectin-Sepharose. Thus, both the class I and II receptors 
are new members of the ECM receptor family and shall be 
referred to as ECMRI and II in the future. In support of the 
observed differences between the class I and II receptors and 
FNR, we have recently isolated a new class of monoclonal 
antibody, referred to as class VI. The class VI monoclonal 
antibodies specifically inhibit cell adhesion to fibronectin 
and immunoprecipitate an antigen containing the common p 
subunit and a third unique a subunit (Wayner, E. A., and 
W. G. Carter, work in progress). The relationship of the 
class VI receptor to the FNR is being investigated. However, 
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it seems clear from the present findings that attachment of 
cells to fibronectin may involve multiple independent recep- 
tors (class I, VI, and/or the FNR). Heterogeneity in the bind- 
ing specificity of the FNR has already been suggested by 
Horwitz et al. (1985), who reported that the CSAT antibody 
inhibited cell adhesion to both laminin and fibronectin. It 
should be interesting to determine the amino acid sequences 
present in collagen and fibronectin recognized by the class 
I receptor. It is possible that this receptor either recognizes 
a sequence common to collagen and fibronectin, or is capa- 
ble of interacting with multiple distinct adhesion-promoting 
sequences. Conceivably, such promiscuity in the binding 
specificity of the class I receptor from human fibrosarcoma 
HT-1080 cells may not be exhibited by this receptor in all 
cells. Further, differential expression of the three receptors, 
class I, II, and VI, by normal versus transformed mesen- 
chymal cells, epithelial cells, and platelets have been ob- 
served (Wayner, E. A. and W. G. Carter, manuscript in prep- 
aration). Altered specificity and/or inappropriate expression 
of specific receptors for ECM components are attractive pos- 
sible explanations for variation in the metastatic potential of 
malignant cells or tissue-homing specificity. 

Recently, various groups have identified single or even 
families of related proteins that probably mediate cell adhe- 
sion to fibronectin, vitronectin, and laminin in human, ro- 
dent, and chicken cells. It seems clear that the collagen 
receptor, class II, and the promiscuous class I ECM receptor 
are new members of the family of ECM receptor proteins. 
Although we were not successful in isolating a specific re- 
ceptor involved in adhesion to type VI collagen, we are still 
assuming that interaction of mesenchymal cells with differ- 
ent collagen types occurs at the level of a specific membrane 
receptor. Conceivably, interaction of a cell with a particular 
collagen type may depend on additional interactions with 
globular domains residing outside of the pepsin-resistant, 
collagenous domains. 

Class III and IV Receptors 

In contrast to the inhibitory effect of class I and II antibodies 
on cell adhesion, class IE antibodies stimulated attachment 
or had no effect. The class III antibodies immunoprecipitated 
a cell surface glycoprotein of 80-90 kD that could be meta- 
bolically or cell surface-labeled and was distinct from either 
class I or II antigens. We have previously described a similar 
cell surface glycoprotein which is resistant to extraction with 
detergent, suggesting a possible interaction with the ECM or 
cytoskeleton (Carter, 1982a), and which specifically binds to 
type VI collagen in affinity chromatography experiments 
(Carter and Wayner-Carter, 1986). We have also recently ob- 
tained evidence that class III shows a preferential association 
with cytoskeletal components (Carter, 1985; Carter, W. G., 
and E. A. Wayner, manuscript in preparation). These results 
suggest that the class III antigen may associate with type VI 
collagen in the ECM and perhaps with the cytoskeleton on 
the cytoplasmic side of the membrane. We have also purified 
three cell surface proteins, termed the class IV receptors, 
with subunit molecular masses of 38, 42, and 45 kD which 
bind to both type I and VI collagen. The class IV receptors 
differ from I-III in that they do not require detergent for 
solubilization from the membranes and are therefore proba- 
bly peripherally associated with the cell surface. Kurkinen 
et al. (1984) have described similar proteins, and a major 47- 
kD protein, termed "colligin," which binds gelatin as well as 


native type IV collagen. The relation of the class IV recep- 
tors to these and other related proteins will be described else- 
where (Carter, W. G., and E. A. Wayner, manuscript in 
preparation). 
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Cloning and sequence analysis of beta-4 cDNA: 
an integrin subunit that contains a unique 118 kd 
cytoplasmic domain 
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The a604 complex is a member of the integrin 
superfamily of adhesion receptors. A human keratinocyte 
lambda gtll cDNA library was screened using a 
monoclonal antibody directed against the 04 subunit. 
Two cDNAs were selected and subsequently used to 
isolate a complete set of overlapping cDNA clones. The 
04 subunit consists of 1778 amino acids with a 683 amino 
acid extracellular domain, a 23 amino acid trans- 
membrane domain and an exceptionally long cytoplasmic 
domain of 1072 residues. The deduced ammo-terminal 
sequence is in good agreement with the published amino- 
terminal sequence of purified 04. The extracellular 
domain contains five potential N-linked glycosylation sites 
and four cysteine-rich homologous repeat sequences. The 
extracellular part of the 04 subunit sequence shows 35% 
identity with other integrin 0 subunits, but is the most 
different among this class of molecules. The trans- 
membrane region is poorly conserved, whereas the 
cytoplasmic domain shows no substantial identity in any 
region to the cytoplasmic tails of the known 0 sequences 
or to other protein sequences. The exceptionally long 
cytoplasmic domain suggests distinct interactions of the 
04 subunit with cytoplasmic proteins. 
Key words: cDNA sequence/integrin/04 subunit 


Introduction 

Integrins are a0 subunit cell surface heterodimers which 
mediate cell-cell and cell-matrix interactions (Hynes, 
1987; Ruoslahti and Pierschbacher, 1987). The integrin 
family is divided into three subfamilies; the VLA protein 
family (Hemler etaL, 1987), the Leu -Cam proteins 
(Springer et aL , 1987) and the cytoadhesins (Ginsberg et aL , 
1988). These subfamilies are characterized by a common 
0 subunit (01, 02 and 03) that can associate with one of 
a number of a subunits. 

Recently, three further 0 subunits, 04, 0x (or 0s) and 0p, 
have been identified that form complexes with previously 
described ct subunits (Sonnenberg et aL , 1988a; Cheresh 
etaL, 1989; Freed etaL, 1989; Hemler etaL, 1989; 
Holzmann etaL, 1989; Kajiji etaL, 1989). 

The a6 subunit can associate with either the 01 or the 04 
subunit. Complexes of a601 (VLA-6) are found on platelets 
and on a variety of different epithelial cell types (Sonnenberg 
et aL , 1987, 1988a; Hemler et aL , 1988, 1989). The «601 
complex functions as a receptor for laminin (Sonnenberg 


et aL, 1988b). Recent studies have indicated that the site 
which is recognized by the a601 complex is located on the 
E8 fragment of laminin (Sonnenberg et aL , manuscript 
submitted). The same laminin fragment has previously been 
reported to promote neurite outgrowth (Edgar et aL , 1984) 
and cell adhesion (Goodman et aL , 1987; Aumailley et aL , 
1987). The ligand of a604 is not known, but because cells 
expressing high levels of a604 do not adhere to the E8 
fragment of laminin, it is probably different from that of 
the a60 1 complex. 

Immunohistoc hemical analysis showed that 04 expression 
is limited to epithelial cells and Schwann cells (Sonnenberg 
et aL , manuscript submitted). The 04 subunit is particularly 
strongly expressed on squamous epithelial cells and is 
localized exclusively at the basal side of cells. This suggests 
a cell— matrix function for heterodimeric complexes of this 
subunit. A major difference between 04 and all other 0 
subunits described so far, is its much larger size (M r 
205 000 versus 90-130 000). 

To study the relationship of 04 with other 0 subunits and 
to determine the basis for the unusual size of 04, detailed 
structural information was needed. In this report, we describe 
the isolation and sequence analysis of 04 cDNA. We show 
that the 04 subunit has an extracellular part that is 
homologous to other 0 subunits and a unique large 
cytoplasmic part. A search of the GenBank data base 
revealed no significant similarities of the cytoplasmic domain 
to other proteins. 

Results 

Isolation of 04 cDNA 

A lambda gtll cDNA library prepared from poly(A) + 
RNA isolated from human keratinocytes was screened with 
the 439-9B monoclonal antibody against the integrin 04 
subunit (Kennel etaL, 1989). Screening of -500 000 
recombinants identified two positive clones; clone 134 
contained an insert of 4.3 kb and clone 140 of 2.5 kb. 
Restriction fragment analysis showed that the insert of clone 
140 was almost completely contained within clone 134 
(Figure 1). The cDNAs hybridized to a single mRNA species 
of -6 kb (Figure 2). This mRNA was present in the normal 
mammary cell line HBL-100 and the mammary tumor cell 
line T47D, which express the 04 protein. Very low levels 
of 04 mRNA, seen only on long exposed blots, were detected 
in OVCAR-4 and A375 cells and this is in accord with the 
low expression of the 04 subunit in these lines. No mRNA 
was detected in the erythroid cell line K562. Both the 
distribution and the level of the 6 kb mRNA thus correspond 
to those of the 04 protein. The two cDNAs were 
subsequently sequenced. The deduced amino acid sequence 
contained a cysteine-rich domain which was previously found 
to be conserved in the 01, 02 and 03 subunits. 

Overlapping cDNA clones that extended more to the 5' 
end of the 04 cDNA were isolated by screening the same 
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Fig. 1. Restriction map of the 04 cDNA clones. The open reading frame is shown as an open box. The lines indicate the size and order of the 
various cDNA clones. Relevant restriction sites are Pstl (P), Xmal (X), /Ywdlll (H), Sad (Sa) and Sph\ <Sp). 


cDNA library with a radiolabeled probe from the most 5' 
portion of clone 140. An additional round of screening, using 
a 5' fragment of the newly isolated clone 357 (see Figure 
1) as a probe, did not result in cDNA clones extending 
further in the 5' direction. The cDNA clones together 
spanned a stretch of —5.7 kb. This size corresponds closely 
to the size of the mRNA detected in the Northern blot 
analysis (Figure 2). 

04 cDNA and deduced amino add sequence 

The cDNA sequence and the deduced amino acid sequence 
of 04 are shown in Figure 3. The nucleotide sequence of 
56% bp contains a small 9 bp 5' untranslated leader followed 
by a single open reading frame of 5415 bp encoding poly- 
peptide of 1805 amino acids and by a 3' untranslated region 
of 272 bp. The 3' untranslated region contains the 
polyadenylation signal AATAAA, followed 16 bases further 
by a poly(A) stretch. 

The open reading frame starts with an ATG methionine 
codon that is flanked by sequences that meet the requirement 
for the initiation of protein translation (Kozak, 1984). 
Following the ATG methionine codon, there is a stretch of 
27 mostly hydrophobic amino acids (-27 to -1) with the 
characteristics of a signal peptide (von Heijne, 1984). We 
assume, therefore, that the ATG codon represents the 
initiation site for translation, although no in-frame stop codon 
is observed in the 9-base sequence preceding this site. The 
deduced amino- terminal sequence of the mature protein 
matches, except at two positions, the amino-terminal amino 
acid sequence of purified £4 (Hemler et al, 1989; Kajiji 
etal, 1989). However, the amino acids at these two 
positions in the peptide sequence have not yet been 
unambiguously identified. Therefore, we conclude that the 
isolated cDNA is authentic for the 04 subunit. 

The mature protein contains an extracellular region of 683 
amino acids, a hydrophobic region of 23 amino acids and 
an exceptionally long cytoplasmic domain of 1072 amino 
acids. There are five potential N-linked glycosylation sites 
in the extracellular part of the 04 subunit. N-glycanase treat- 
ment of 04 resulted in a reduction of the size by - 10 000 
dalton (Sonnenberg et al , manuscript submitted). This may 
suggest that four of the five sites (average mol. wt per site 
is 2500 dalton) are glycosylated in vivo. The calculated mol. 
wt of the mature 04 subunit is 198 01 1 daltons; this value 
is close to the 195 000 daltons determined by SDS gel 
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Fig. 2. Northern blot analysis. Total RNA (10 /ig per lane) from 
A375, HBL100, K562, OVCAR-4 and T47D cell lines was 
electrophoretically separated on 1% agarose -formaldehyde gel, 
transferred to nitrocellulose filters and probed with /34 subunit cDNA 
(clone 134, 4.3 kb). In a control experiment (below) the same RNA 
samples were probed with glyceraJdehydephosphatedehydrogenase 
cDNA. 

electrophoresis for the deglycosylated 04 subunit. The 
extracellular portion of 04 has a relatively high cysteine 
content, 48 out of 683 amino acids (7%), in contrast to the 
cytoplasmic portion which only contains 15 cysteine residues 
(1.4%). Most of the cysteines of the extracellular portion 
of 04 are clustered at the amino terminus and in four 
homologously repeated cysteine-rich domains. Six of 15 
cysteine residues in the cytoplasmic domain are located in 
a 15 amino acid stretch immediately following the trans- 
membrane domain. These cysteine residues may be 
palmitoylated which may provide a better anchorage of the 
04 subunit in the plasma membrane (Magee et al, 1989). 

Comparison with 0 subunrts and other proteins 

Figure 4 shows the alignment of the deduced amino acid 
sequence of 04 with the 01, 02 and 03 sequences. The 
overall identity between the extracellular part of the mature 
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991PCYYTI.TADQDARGHVBFQBCVELVDVRVPLFIRPBDDDE 
2881 aagcagctgctggtggaggccatcgacgtgcccgcaggcactgccaccctcggccgccgcctggtaaacatcaccatcatcaaggagcaagccagagacgtggtgtccttrgagcagcct 

931 KQLiVSAIDVPAGTATLGRRLVNITIIKEQARDVVSFEQP 
3001 gagttctcggtcagccgcggggaccaggtggcccgcatccctgtcatccggcgtgtcctggacggcgggaagtcccaggtctectoccgcacacaggatggcaccgcgcagggcaaccgg 

971 EFSVSRGDQVARIPVIRRVLDGGKSQVSYRTQDGTAQGHR 
3121 gactacatccccgtgg*gggtgagctgctgttccagcctggggaggcctggaaagagctgcaggtgaagctcctggagct.gcaagaagttgactccctcctgcggggccgccaggtccgc 
1011 DYIPVEGBLX.FOPGBAWKELQVKLLELOEVDSLLRGRQVR 
3241 cgtttccacgtccagctcagcaaccetaagtttggggeccacctgggccagccccactccaccaccatcatcatcagggacccagatgaactggaccggagcttcacgagtcagatgttg 
1051 RFH7QLSNPJCFCAHLGQPB5TT1XIRDFDBLDRSPT5QML 
3361 tcatcBcagccaccccetdacggcgacctgggcgccecgcagaaccccaatgctaaggccgctgggtccaggaagatccatttcaactggetgcceccttctggcaagccaatggggtac 
1091 6SQPPPBGDLGAPQHPNA1CAAGSRRIHPNKLPPSCKPHGY 
3481 agggtaaagtactggattcagggtgactccgaatccgaagcccacctgctcgacagcaaggtgccctcagtggagctcaccaacctgtaccc^attgcgartatgagatgaaggtgtgc 


QCDSBSEAHX,LDSKVPSVELTNLYPY©DYBMKV(c) 
3601 gcctacggggctcagggcgagggaccctacagctccctggtgtcct.gccgcacccaccaggaB9tgcccagcgagccagggcgtctggccttXBatgtcgxctcctccae9gt.gacccag 
1171 AYGAQCEG PY S 6LVS©RTBQEVP BEPGRLAFNVVSSTVTQ 
3721 ctgagctgggctgagcc^gctgBga^caBcggtgagatcacagcetaegaggtctgctatggcctggtcaacgatgBcaaccgacctattgggcccatgaagaaagtgctggttgacaac 
1211 LSWABPABTHGBITAYBV@YGLVNDDNRPIGPHKKVI.VDH 
3841 cc^aagaaccggatgctgcttattgagaaccctcgggagtcccagccctaccgctacacggrgaaggcgcgcaacggggccggctgggggccrgagcgggaggccatcatcaacccggcc 
PKNRMLLIBHLRBSQPYRYTVKARHGAGWGPBREAIXNLA 
acccagcccaagaggcccatgtccatccccatcatccctgacatccctatcgxggacgcccagagcggggaggactacgacagcttccttatgtacagcgatgacgttctacgctctcca 
TQPKRPHSIPIIPOIPIVDAQSGEDYDSFLMYSDDVLRSP 
tcgggcagccagaggcccagcgtctccgatgacactgagcacctggtgaat;ggccggacggacttt.gccttcccgggcagcaccaBctccctgcacaggatgaccBcgaccagLgctgct 
SGSQRPSVSDDTEBLVMGRMDFAFPGSTNSLHRHTTTSAA 
gcctatggcacccacctgagcccacacgtgccccaccgcgtgctaagcacatcctccaccctcacacgggactacaactcactgacccgctcagaacactcacactcgaccacactgccg 
AYGTHLSPBVPHRVL8TSSTLTRDYMSLTR8EHSBSTTI.P 
4321 agggactactccaccctcacctccgtctcctcccacggcctccctcccatctgggaacacgggaggagcaggcttccgctgtcctgggccctggggtcccggagtcgggctcagacgaaa 
1411 RDYSTLTSVSSBGLPPIWBBGRSRLPLSWALCSRSRAQMK 
4441 gggttccccccttccaggggcccacgagactctataatcctggctgggaggccagcagcgccctcctggggcccagactctcgcctgactgc-cggtgtgcccgacacgcecacccgcctg 
1451 GPPPSRGPRDSIILAGRPAAPSWCPDSRLTACVPDTPTPL 
4561 gtgttctctgcccrggggcccacatctctcagagtgagctggcaggagccgcggtgcgagcggccgctgcagggctacagtgxggagtaccagctgctgaacggcggtgagctgcatcgg 
1491 VPSALGPTSLRVSWQEPR©BRPLQGYSVEYQLLNCGELHR 

ctcaacatccccaaccctgcccaflacct«ggtggtggtggaagaccccctgcccaaccactcctacg^gttccgcgt:gcgggcccagagccaggaaggctggggccgagagcgt.gagggt 
LRIPNPAQTSVVVBOLLPNBSYVFR7RAQSQEGWCREREG 
4801 gtcatcaccatxgaatcccaggxgcacccgcagagcccactgtgtcccctgccaggctccgccttcactttgagcactcccagtgccccaggcecgctggtgttcactgccctgagccca 
1571 VIT1BSQVBPQSPL©PLPCSAFTLSTPSAPGPLVPTALSP 
4921 gactcgctgcagctgagctgggageggccacggaggcccaatggggatatcgt;cgget.acctggtgacctgtgagatggcccaaggaggagggccagccaccgcattccgggtggatgga 
1611 DSLQLSWBRPRRPSGDIVGYLVT©EMAQCGGPATAFRVDG 
5041 gacagccccgagagccggctgaccgtgccgggcctcagegagaacgtgccctacaagttcaaggtgcaggccaggaccactgagggcttcgggccagagcgcgagggcatcatcaccara 
1651 OSPESRLTVPGLSENVPYKFKVQARTTECFCPERBGIITI 
5161 gagtcccaggetggaggacccttcccgcagctgggcagccgtgccgggctcctccagcacccgctgcaaagcgagtacagcagcatcaccaccacccacaccagcgccaccgagcccttc 
1691 ESQDGGPPPQLCSRAG1.FQHPLOSEYSSITTTBTSATEPF 
5281 ctagtggatgggccgaccctgggggcccagcacctggaggcaggcggctccctcacccggcatgtgacccaggagtttgtgagccggacactgaccaccagcggaacccttogcacccac 
1731 LVDGPTLCAQHLBAGCSLTRHVTQEFVSRTLTTSGTLSTH 
5401 atggaccaacagt;tcttccaaactt.gaccgcacccigccccacccccgccatgtcccBct,aggcgtcctcccgactcctctcccggagcct=crcagct:actccatccttgcacccctgg 
1771 MDQQFFQT* 

5521 gggcccagcccacccgcatgcacagagcaggggctaggtgtctcctgggaggcatgaagggggcaaggtccgtcctctgtgggcccaaacctatttgtaaccaaagagctgggagcagca 
5641 caaggacccagcctttgttrtgcacttaataaatggttttgctaetgctaaaaaaa 5696 
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Fig. 3. Nucleotide sequence and the deduced amino acid sequence of 04 cDNA. The positions of the signal peptide (double underlined), the 
transmembrane region {heavily underlined) and the putative N-linked glycosylation sites (thinly underlined) are marked. The cysteine-rich domains are 
indicated with a shaded background and cysteine residues are circled. 
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Fig. 4. Alignment of the 04 protein sequence with integrins 0 subunits. The 04 sequence is compared to three human 0 subunit sequences; 01 
(Argraves et a/., 1987), 02 (Kishimoto et a/., 1987; Law et a/., 1987) and 03 (Fitzgerald et al., 1987). Amino acids identical between the 04 
subunit and any of the other three 0 subunits are indicated by inverse printing. Except for cysteine residues, all residues which are conserved in 01. 
02 and 03 but not in 04 are indicated by solid circles. The cysteines lacking in 04 are marked with an asterisk and the cysteine-rich domains are 
boxed. The major part of the cytoplasmic domain of 04 has been omitted, because there is no corresponding sequence in 01, 02 or 03. 


04 subunit and each of the three other 0 subunits is - 35 % . 
Identities in the order of -45% were found in two long 
stretches of amino acids, one of 269 residues from positions 
73 to 342 and another of 183 residues from positions 425 
to 608. The latter region corresponds closely to the four 
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homologous cysteine-rich repeat sequences. Between these 
two long homologous regions, there is a region of 83 amino 
acids with almost no identity. Of the 15 amino acids that 
are shared between all three 0\, 02 and 03 subunits, only 
two are conserved in the 04 sequence. The first 72 amino 
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acids of the amino terminus and the 76 amino acids between 
the last cysteine-rich repeat sequence and the transmembrane 
domain are weakly conserved (20-30%) in 04. Also, the 
transmembrane region of 04 (residues 684 -706) is weakly 
conserved, whereas the cytoplasmic portion of 04 is entirely 
unique. 

Although the extracellular part of the 04 subunit is clearly 
similar to that of the three other 0 subunit sequences, this 
similarity is less than that between these three 0 subunit 
sequences (-35 versus -45%). Furthermore, the 04 
subunit lacks eight of the 56 cysteine residues that are 
conserved in all other three 0 subunit sequences. The 
positions of these residues are marked with an asterisk. Three 
of them are located in the cysteine-rich domains. 

Computer searches of protein data bases revealed no 
significant similarities of the 04 subunit to proteins other 
than the 01, 02 and 03 subunits. Nevertheless, at the 
nucleotide level, a large region of 04 seems to be 
homologous with the non-muscle myosin heavy-chain gene 
of Acanthamoeba (Hammer et al , 1987), i.e. 50% identity 
with multiple gaps in a stretch of 1400 nucleotides. This 
percentage is large, considering the evolutionary distance 
between the two species. However, because this homology 
is not found at the amino acid level, its significance is not 
clear. Probably, the fact that both regions are highly G/C- 
rich may account for the nucleotide homology of these two 
sequences. 

In conclusion, it seems that the cytoplasmic domain of 04 
is unique, not only in size but also in amino acid sequence. 


Discussion 

We here report the primary structure of 04, one of the newly 
characterized integrin 0 subunits. There are several 
observations that indicate that the sequence presented is 
authentic. 

First, it is in accord with the amino-terminal sequence of 
the 04 subunit as published by Kajiji et al (1989) and 
Hemler et al. (1989). Second, the RNA hybridization is con- 
sistent with the expression of 04 on cell lines. Third, the 
protein sequence has typical integrin 0 subunit-like 
structures. Finally, the predicted mol. wt of the polypeptide 
chain of 198 01 1 daltons agrees with the value determined 
after SDS - PAGE analysis of the deglycosylated 04 protein 
(Sonnenberg etal, manuscript submitted). 

Previously, Kajiji etal (1989) have suggested that the 
larger size of 04 is due to the presence of a large amount 
of sialic acid, but from our present results it seems that the 
high mol. wt value of 04 is due to a very large cytoplasmic 
part comprising 1072 amino acids ( — 118 kd). In addition 
to the large cytoplasmic part, there are other distinctive 
features of the 04 subunit. The amino acid sequence of the 
extracellular part of 04 comprises the smallest number of 
conserved amino acids of all 0 subunits. In this regard, the 
04 subunit lacks eight of the 56 cysteine residues, conserved 
in the three other human 0 subunits and in 01 sequences 
from the mouse (Holers et al , 1989), chicken (Tamkun 
et al , 1986) and Xenopus laevis (DeSimone and Hynes, 
1988) and in the Drosophila melanogaster integrin 0 subunit, 
absent in lethal myospheroid mutants (Mackrell et al, , 1988). 
As the tertiary structure of 0 subunits is thought to be 
determined by intrachain disulfide bonds, the absence of 
these residues in the 04 subunit may have important 


structural and functional implications. Furthermore, a region 
of 63 amino acids, from position 109 to 171 in 03 implicated 
in RGD-mediated adhesion (D'Souza etal, 1988), is 
strongly conserved in the 01, 02 and 03, but not in the 04 
sequence. Only 28 of 48 amino acids match the conserved 
sequence for this region. Finally, in one of the least con- 
served regions (residues 324-425) 01 , 02 and 03 share 15 
amino acids, only two of which are present in the sequence 
of 04. 

A further distinctive feature of 04 is its susceptibility to 
proteolytic degradation (Hemler et al , 1989). The molecule 
can be degraded stepwise from a 205 via a 183 to a 150 kd 
product. Because the amino-terminal sequence of the 150 kd 
product matches the deduced sequence of the 205 kd mature 
protein, it can be concluded that both the 183 and 150 kd 
products have shorter versions of the cytoplasmic domain. 
A search in the cytoplasmic domain for endopeptidase 
cleavage sites, which usually consist of two or more basic 
residues, yielded eight of such sites. Cleavage at three of 
these sites may generate the 04 degradation products of 183 
or 150 kd. They are located at positions 1621, 1294 and 
1244. Recently, it has been shown that only the 205 kd band, 
but not the proteolytic degradation products of 183 and 
150 kd, is phosphorylated (Kennel et al. , 1989). Therefore, 
the phosphorylation sites are assumed to be located within 
the last 20 kd region of the carboxy terminus. Indeed, there 
are several potential phosphorylation sites in this region for 
both serines and threonines. A tyrosine residue (residue 
1668) might also be phosphorylated, because there is 
homology between the region around it and the phos- 
phorylation site of 01 (residue 763) and other tyrosine kinase 
acceptor sites (Tamkun et al, 1986). 

Because the 01 and 04 but not the other 0 subunits 
associate with the a6 subunit, we searched for amino acids 
common to the sequences of only the first two. In the aligned 
sequences, 36 amino acids were found to be exclusively 
shared by the 01 and 04 subunits. A region immediately 
following the last cysteine-rich domain (residues 605 -624) 
contained six of these exclusively shared amino acids, three 
of which were consecutive, i.e. EKK. This EKK sequence 
is also found on the 01 subunit of the mouse (Holers et al , 
1989) and chicken (Tamkun et al , 1986). It is known that 
a601 complexes occur in the mouse (Sonnenberg et al, 
1988a) but not whether they also occur in chicken. The 
sequence is absent from the 01 subunit from Xenopus laevis 
(DeSimone et al , 1988) and the 0 subunit from Drosophila 
melanogaster (Mackrell etal, 1988), but whether these 
species possess a601 is unknown. 

Integrins interact via their cytoplasmic domains with 
several other proteins to form transmembrane connections 
with the actin-cytoskeleton. These linker molecules include 
talin (Horwitz et al , 1986), vinculin (Burridge and Mangeat, 
1984), a-actinin (Chen and Singer, 1982) and the newly 
detected cytoplasmic protein, fibulin (Argraves et al , 1989). 
It is tempting to speculate that one of the functions of the 
cytoplasmic domain of 04 is to interact directly with the 
cytoskeleton without the involvement of these linker proteins. 
We found no similarity of the 04 subunit to chicken a-actinin 
and vinculin. Unfortunately, the sequence of talin is not 
known and therefore, a direct comparison was not possible. 
Of the sequence of fibulin, only 15 amino acids of the amino 
terminus are known. Four of these amino acids, three of 
which are consecutive (LLE), are identical to amino acids 
in the sequence of the cytoplasmic part of 04 (residues 
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1032- 1046). Therefore, there is at the moment no argument 
that part of the cytoplasmic tail of 04 is similar to linker 
proteins. 

Materials and methods 

cDNA cloning 

The human keratinocyte lambda gtl 1 cDNA library (Clontech, Palo Alto, 
CA) was screened with the 439-9B rat monoclonal antibody against 04 (Ken- 
nel et al. , 1989) using the protoblot immunoscreening system of Promega. 
Clones that expressed insert-encoded protein reactive with the 439-9B 
antibody were isolated and plaque purified. The lambda DNAs were prepared 
by Lambda sorb immu noprecipitation (Promega Biotec) and the £coRl inserts 
were subcloned into pUC18 or pUCl9 for restriction mapping (Maniatis 
et al. , 1982). Additional screenings were done with radiolabeled DNA 
fragments from the 5' portions of the previously isolated cDNA inserts as 
probes. DNA fragments were 32 P-Iabeled by random oligonucleotide 
priming (Feinberg and Vogelstein, 1984). 

Sequence analysis 

DNA sequencing was performed by the dideoxy chain termination method 
(Sanger et al. , 1977) using a modified T7 DNA polymerase (Sequenase; 
United States Biochemical Corp., Cleveland, OH) and 5'a [ 3 *S]dATP as 
radioactive nucleotide. Sequences were obtained from one end of subcloned 
restriction fragments by using universal M13/pUC-sequencing primers. The 
internal sequence of large fragments was obtained from oligonucleotide 
primers that were synthesized on the basis of preceding sequence. Sequencing 
artefacts were avoided by determining all sequences using both dGTP and 
the nucleotide analogue deoxyinosine triphosphate (dlTP) and by sequencing 
both strands of the cDNA insert. 

Northern blot analysis 

Total cellular RNA was isolated by the ureum/Iithium chloride method 
(Barlow et al. , 1963) from cell lines which express high levels (HBL-100 
and T47D), low levels (OVCAR-4 and A375) and no (K562) 04 protein. 
RNA was electrophoresed in a 1 % agarose gel containing formaldehyde 
and transferred to nitrocellulose by standard procedures (Maniatis et al. , 
1982). Hybridizations were carried out for 16 h at 64 °C with 32 P-labeled 
insert probes in 3 x SSC containing 10% dextran sulphate, 5 x Denhardt's 
solution (1 x = 0.02% polyvinylpyrrolidone/0.02% Ficoll/0.02% bovine 
serum albumin) and 50 /xg/ml salmon sperm DNA. The filters were washed 
once with 3 X SSC, 0.1% SDS for 30 min, once with 1 x SSC, 0.1% 
for 30 min and twice with 0. 1 x SSC, 0. 1 % SDS for 30 min at 64°C, 
dried and exposed to Kodak XAR-5 film with Dupont Cronex Lightning- 
Plus intensifying screens. 

Data handling and analysis 

Sequence data were analysed using GCG software (Devereux et al. , 1984). 
Nucleotide sequence and deduced amino acid sequences were used to search 
for homology in the Genbank (release 60.0). 
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The integrin family of adhesion receptors consists of 
several heterodimeric glycoproteins, each composed of 
one a and one 0 subunit. Three different mammalian 0 
subunit8, 0 U & » and 0 3f have been sequenced, but recent 
evidence suggests the existence of several others. Am- 
plification of guinea pig airway epithelial cell cDNA 
with oligonucleotide primers designed to recognize 
consensus integrin 0 subunit sequences led to the iden- 
tification of a novel partial cDNA sequence. Clones 
containing portions of this sequence were used to 
screen cDNA libraries constructed from the human 
pancreatic carcinoma cell line FG-2 and identified a 
series of overlapping clones encoding the full-length 
sequence of the human homologue of this protein. This 
sequence of 788 amino acids is 43, 38, and 47% iden- 
tical to the sequences of 0 U 0 2 , and 0 3 » respectively. 
Features shared between this novel protein and the 
previously sequenced 0 subunits include the positions 
of all 56 cysteine residues in the extracellular domain, 
the single putative transmembrane domain, and the 
short putative cytoplasmic domain. However, a unique 
11 -amino acid extension at the carboxyl terminus, not 
present in any of the other 0 subunits, is suggestive of 
distinctive interactions with cytoplasmic components. 
Comparison of the human and guinea pig sequences 
reveals a high degree (94%) of cross-species conser- 
vation. Because this protein is clearly distinct from the 
two other recently described integrins 0 4 and /? B , we 
propose to designate it @ e < 


Integrins are a large family of cell surface glycoproteins 
that mediate cell to cell and cell to matrix adhesion (1, 2). All 
known members of this family are heterodimers consisting of 
an a and a 0 subunit that are noncovalently bound to each 
other. When the integrin family was first identified, integrins 
were grouped into three subfamilies based on the three 0 
subunits that were initially recognized {0 U 0 2 , and 0 3 ). Each 
a subunit was thought to associate uniquely with a single 0 

* This work was supported in part by Research Grants HL/A1- 
33259 (to D. S.) and CA-47541 and CA-47868 (to V. 0.) from the 
National Institutes of Health. The costs of publication of this article 
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subunit. As new integrins have been identified, however, it 
has become clear that this grouping is not entirely satisfac- 
tory, since there are clearly more than three 0 subunits and 
since some a subunits can associate with more than one 0 
subunit (3-8). Over the past few years, the primary structures 
of three integrin 0 subunits from mammalian cells and one 
from DrosophUa have been deduced from cDNA (9-14). Align- 
ment of these sequences reveals striking evolutionary conser- 
vation. Conserved structural features include the relative 
positions of all 56 cysteine residues as well as the length and 
sequence of the putative transmembrane and cytoplasmic 
domains. The most striking sequence conservation, including 
several short stretches of invariant amino acid residues, is 
observed in a large region in the amino-terminal half of the 
polypeptide. This region has been implicated in Hgand binding 
by cross-linking studies employing peptide fragments of pro- 
tein ligands which contain the integrin recognition sequence 
Arg-Gly-Asp (15, 16). Since this region appears to be ex- 
tremely important for the functional integrity of the 0 subunit, 
the high degree of sequence conservation is likely to be shared 
by any additional members of the 0 subunit family. We used 
degenerate oligonucleotide mixtures designed to recognize 
consensus sequences in this region as PCR 1 primers to amplify 
both known and novel integrin 0 subunits. In this report, we 
present the complete deduced amino acid sequence of one 
novel 0 subunit identified in primary guinea pig airway epi- 
thelial cells and human pancreatic carcinoma cells. 

MATERIALS AND METHODS 

Generation of cDNA Fragments by PCR— Tracheal epithelial cells 
harvested from male Hartley outbred guinea pigs (Charles River 
Breeding Laboratories, Bar Harbor, ME) were grown to confluence 
over 10-14 days on collagen-impregnated microporous filters (Cos- 
tar). RNA was harvested from primary cultures, and mRNA was 
purified over oligo(dT) -cellulose columns using the Fast Track mRNA 
isolation kit (Invitrogen). Two to 5 fig of mRNA was used as a 
template for cDNA synthesis catalyzed by 200 units of Moloney 
murine leukemia virus reverse transcriptase (Bethesda Research Lab- 
oratories) in a 20-40-jil reaction volume. One to 5 y\ of the resultant 
cDNA was used as a template for PCR. PCR was carried out in a 
reaction volume of 25-200 fi\. In addition to the template cDNA, each 
PCR reaction contained 50 mM KC1, 10 mM Tris-HCl (pH 9.0 at 
25 'C), 1.5 mM MgCl 2 , 0.01% gelatin, 0.1% Triton X-100, 0.2 mM 
each of dATP, dGTP, dCTP, and dTTP, and 0.05 units/ u\ Taq DNA 
polymerase (obtained from either United States Biochemical Corp. 
or from Promega). For each reaction, two oligonucleotide primers 
were also added to obtain a final concentration of 1 *iM each. Each 
reaction mixture was overlaid with mineral oil, heated to 95 *C for 4 
min in a thermal cycler (Ericomp, San Diego, CA), and then subjected 
to 30 cycles of PCR. Each cycle consisted of 45 s at 95 *C, 45 s at 
53 °C, and 1 min at 72 °C Immediately after the last cycle, the sample 
was maintained at 72 *C for 10 min. 


1 The abbreviation used is: PCR, polymerase chain reaction. 
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The results of each PCR reaction were analyzed by gel electropho- 
resis in 1.5% agarose. Reactions that produced fragments of the 
expected size were electrophoresed in 1.5% low gel temperature aga- 
rose (Bio-Rad). The appropriate size band was excised, melted at 
68 *C t and the DNA was purified by extraction with phenol/chloro- 
form and precipitation in ethanol and ammonium acetate. 

PCR Primers— To obtain the initial fragment of the novel 0 
subunit cDNA described in this report, degenerate mixtures of PCR 
primers were used. Oligonucleotides were synthesized by the UCSF 
Biomolecular Resource Center and purified over Nen-sorb cartridges 
(Du Pont-New England Nuclear). These consensus primer mixtures 
were designed to anneal with the nucleotides encoding the highly 
conserved sequence Asp-Leu-Tyr-Tyr-Leu-Met-Aap-Leu (primer 
BlF, Fig. 1) and Glu-GIy-GIy-Asp-Ala-Ile-Met-GIn (primer B2R) 
that flank an approximately 300- nucleotide region beginning approx- 
imately 130 amino acids from the amino terminus of each of the 
integrin & summits sequenced to date (Fig. 1). 

On the basis of the initial sequence obtained, we designed a specific 
forward primer to anneal with the sequence encoding the amino acids 
Pro-Leu-Thr-Asn-Asp-Ala-GIu-Arg (primer BTE2F, Fig. 1) ending 
approximately 49 nucleotides from the 3' end of the region we had 
sequenced. We also designed an additional forward primer (B3F) and 
two reverse primers (B3R and B4R) to recognize highly conserved 
consensus regions encoding the sequences Gly-Glu-Cys-Val-Cys-GIy- 
Gln-Cys (B3 region) and lie- Gly-Leu- Ala-Leu-Leu-Leu- Ile-Trp-Lys 
(B4 region). The alignment of these primers with previously published 
sequences of human ft, ft, and ft and chicken ft is shown in Fig. 1. 
We performed PCR as described above with cDNA from guinea pig 
tracheal epithelial cells and the primer pairs BTE2F/B3R and B3F/ 
B4R. 

The primer pair BTE2F/B3R yielded 1095 additional base pairs of 
new sequence. Based on this sequence another specific primer 
(BTE3F) was designed to recognize the sequence Val-Ser-Glu-Asp- 
Gly-Val near the 3' end of this sequence, and PCR was performed 
with this primer in combination with primer B4R. 

Cloning of Fragments Obtained by PCR — Individual fragments were 
cloned into pBluescript (Strategene) as follows. Purified fragments 
were resuspended in distilled water and treated with 2.5 units of DNA 
polymerase I, large (Klenow) fragment (Promega) to fill in any 3' 
recessed ends left after the last cycle of PCR. The 5' ends were 
phosphorylated with 5 units of T4 polynucleotide kinase (New Eng- 
land Biolabs). An aliquot of the above reaction mixture, containing 
approximately 100-200 ng of DNA, was ligated into pBluescript that 
had been cut with £coRV (Promega) and dephosphorylated with calf 
intestinal alkaline phosphatase (Boehringer Mannheim). Ligations 
were performed at 22 *C for 1 h with T4 DNA ligase (Bethesda 
Research Laboratories). The ligation mixture was used to transform 
competent Escherichia coli (JM-109, Clontech). Plasmids containing 
inserts were purified using the Pharmacia miniprep lysis kit (Phar- 
macia LKB Biotechnology Inc.), denatured in 0.3 M NaOH, further 
purified over spinning columns containing Sephacryl S-400 (Phar- 
macia), and then sequenced using the Sequenase version 2.0 sequenc- 
ing kit (United States Biochemical Corp.) and [^SJdATP (Amersham 
Corp.). 

Library Screening — PCR fragments generated with the primer 
pairs B1F/B2R and BTE3F/B4R were labeled with ["PJdCTP and 
used as probes to screen a random-primed cDN A library and an oligo- 
dT -primed cDNA library, both constructed in the plasmid pTZl8R- 
BstXI (Invitrogen) from mRNA obtained from the human pancreatic 
carcinoma cell line FG-2. Plasmid was purified from clones found to 
hybridize with either region, and inserts were sequenced. A portion 
of insert DNA from one clone was in turn labeled and used to screen 
the same libraries. Fourteen independent overlapping clones were 
sequenced from both ends using primers that recognize regions of the 
pTZ polylinker. The regions flanking the 3' end of the putative 
translated region of the new 0 subunit were sequenced in both 
directions from three clones using primers constructed to recognize 
sequences close to the 3' end. On the basis of the initial sequences 
thus obtained, an additional internal sequence was obtained from 
clones T10, Til, T12, and T14 (Fig. 2) after digestion with specific 
restriction endonucleases and religation. Three internal fragments 
thus generated were subcloned into pBluescript and were also se- 
quenced in both directions. Approximately 90% of the new sequence 
reported was obtained from both strands of DNA, and 97% was 
obtained from two or more overlapping clones (Fig. 2). 
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Fig. 1. Design of PCR primers. 0 subunit consensus primer 
mixtures were designed on the basis of alignment of published se- 
quences of human ft (10), ft (11, 12), ft (13), and chicken ft (9). For 
forward primers (B1F and B3F), the primer sequences included a 
single nucleotide whenever possible for each of the first two nucleo- 
tides of each codon and were usually either degenerate or included 
deoxyinosine for the third base in codons for amino acids other than 
methionine. Reverse primers (B2R, B3R, and B4R) were designed in 
the same manner for the complementary DNA strand. Two specific 
forward primers were designed to recognize ft. The first (BTE2F) 
was designed to work across species and was thus degenerate or 
included deoxyinosine in the third codon position. The second, 
BTE3F, was not degenerate and was designed to only recognize guinea 
pig ft. 
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Fig. 2. Map of sequencing strategy. Shown are the location of 
clones used to obtain the partial cDNA sequence of guinea pig ft 
(clones IF, 3L, 3N, and 3Y t top) and the complete sequence of human 
ft (clones T1-T19, bottom). Also, shown is the location of the trans- 
lated region {Protein). The location of the transmembrane domain is 
shown by the letters TM. Clones shown often represent one of several 
identical clones. Internal sequence of clones with long inserts was 
obtained by restriction endonuclease digestion and religation and by 
ligation of internal fragments into pBluescript Specific restriction 
sites employed are shown {Hind, Htndlll; Hinc, Hindi; Kpn, Kpnl; 
Pst, Psil). The direction and extent of sequencing are shown by 
arrows. 1109 and 1110 are the sites recognized by oligonucleotide 
sequencing primers. T18 and T19 each terminated in a poly (A) tail. 
The regions recognized by the degenerate PCR primers B1F (Bl), 
B2R (B2), B3R/F (B3), and B4R {B4) and the ft primers BTE2F 
{BTE2) and BTE3F {BTE3) are noted above the guinea pig cDNA 
map. kb, kilobases. 
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Fig. 3. Nucleotide sequence and 
amino acid translation for human 
(H) and guinea pig (OP) ft. The 
amino acid translation is denoted by the 
Bingle letter code beneath the second 
nucleotide of each codon from the trans- 
lated region of human ft. For the guinea 
pig sequence, only amino acids that dif- 
fer from the human sequence are shown. 
The numbers along the right-hand mar- 
gin denote the nucleotide or amino acid 
number of the last entry on each line. 
The numbering system used starts with 
the first nucleotide or amino acid avail- 
able for each sequence Bhown. The nine 
potential sites for N-glycosylation in the 
putative extracellular domain of human 
ft are underlined. 
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RESULTS 

Nucleotide Sequence of a Novel Guinea Pig Integrin 0 Sub- 
unit— PCR using cDNA from guinea pig airway epithelial 
cells and the consensus primer mixtures BlF and B2R (Fig. 
1) amplified DNA fragments with the expected size of ap- 
proximately 350 nucleotides. When the fragment DNA was 
sequenced after cloning into pBIuescript, recombinant clones 
each contained inserts with one of two distinct sequences. 
One sequence encoded a stretch of 98 amino acids that was 
97% identical to the expected region of human ft and was 
therefore presumed to be guinea pig ft. The other sequence 
encoded 98 amino acids that were only 53% identical to 
human ft, 45% identical to human ft, and 57% identical to 
human ft (Fig. 2, clone IF). Both of the guinea pig sequences 
included the integrin 0 subunit consensus sequences Ser-X- 
Ser-Met-X-Asp-Asp-Leu and Gly-Phe-Gly-Ser-Phe-Val, and 
both contained the 2 cysteine residues found in this region in 
all known integrin # subunits. These data suggested that one 
of the two sequences we obtained encoded a new member of 
the integrin ff subunit family. 

This novel sequence was extended by further PCR steps 
utilizing primers specific for the novel sequence (BTE2F, 
BTE3F) in combination with two additional degenerate 
primers (B3R and B4R, see Figs. 1, 2, and 4). With the primer 
pair BTE2F/B3R two different cDNA products were obtained 


(3L and 3N in Fig. 2) due to an unexpected hybridization of 
the B3R primer with a site 220 nucleotides further down- 
stream (B3' in Fig. 2). The 1732 -nucleotide sequence deter- 
mined from these clones is shown in Fig. 3. . 

Nucleotide Sequence of Human ft— Screening of cDNA 
libraries constructed from the human pancreatic carcinoma 
cell line FG-2 with guinea pig cDNA probes IF and 3Y (see 
Fig. 2) and subsequent screening with a probe constructed 
from a portion of clone T10 (Fig. 2) produced 14 independent 
positive clones. The two longest clones (T18 and T19) ex- 
tended to the poly( A) tail. A map of these clones, constructed 
on the basis of sequence information and of the mobility of 
inserts cut out of these clones in agarose gels is shown in Fig. 
2. This map predicts an mRNA of approximately 5 kilobases 
including at least a 226-nucleotide untranslated region at the 
5' end, a 2364-nucleotide open reading frame, and a 3'- 
untranslated region of approximately 2.5 kilobases. For rea- 
sons discussed below, we have termed this molecule integrin 

Fig. 3 shows the partial nucleotide and complete amino acid 
sequences for human ft (excluding most of the 3' -untrans- 
lated region) and the alignment of the 1732 nucleotides of 
sequence we obtained from PCR of guinea pig airway epithe- 
lial cell cDNA. Of the 577 amino acids deduced from the 
region we have sequenced in both species only 36 residues 
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Fig. 4. Alignment of 0« with four 
previously reported integrin 0 sub- 
units. Previously published sequences 
for human 0, (10), human 0% (11. 12), 
human 0 3 (13), the myospheroid gene 
product (0myo) of DrosophUa (14), and 
the novel sequence we describe (0 B ) are 
shown using the single letter amino acid 
code. The 56 conserved cysteines are 
noted by * and the 120 other invariant 
amino acids by = above each line. The 
transmembrane domain is underlined. 
The regions used for constructing the 
consensus 0 subunit primers B1F {Bl) t 
B2R {B2) t B3F/R (B3), and B4R (B4) 
are labeled below the alignment in bold 
type. The numbers along the right-hand 
margin denote the number of the last 
amino acid in each line beginning from 
the first amino acid of each putative 
signal sequence. 
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IS ELEVLCDTEGLHL5FTAICNNGTLFQHP KRCSBKKVGDTASfSVTVNIPHC ER R SRRlIIKPVGbCCAULLVSPECWCDCOKEV 

11 i pespk£hegn&>fec6a£r£negrvI:iui£e5stdevi) 3edm daycrkenss eic^ge£vc^cvcrxrdntneiys6kfce 

\2 R DRSLCH gxgflecgicrcotgyigkrcecqtqgrs sqel egscrkdhns iicsglgdcvcgoclchtsdvpgkliycqyci 

13 E PNSHRCNBGNGTFECGVCRCGPGWLGSQCECSEEDYRPSQQ OE CSPREGQ PVCSQRGECLCGQCVCHSSDF CKIT GKYCE 

byo SIGYQVQANSCS GHGTSKCG ICKCDDSYFGN KCECSATDLT SXF AHDTSCRADSTSTTDCSGRGHCVCGACECHKRPNP IE I ISGKHCE 

*6 E VNSSKCHBGMGSFQCGVCACHPGHMGFRCECGEDML ST 0 SCKEAPDR P SC 8GRSDCYCGCC ICH LSP Y GN IYGPYCQ 

B3 

h cBhfhcor'skglxcgS hgvckcrvcecnpiiytSsacocslotstceash gqxckSrSxceccvckct DPKFQGQTCEHCQTCLGV 

K CDTXMCERYKGQVCGGPCRGLCFCGKCRCHPGFECSACOCERTTEGCLNPR RVECSCRCRCRCHVCECB SC YQLPLCQECPCCPSP 

1} CDDFSCVRYKCEMCSG BGQCSCCDCLCOSDWTCYYC1ICTTRTDTCMSSK CLIjCSCRGKCECGSCVCI QPCSYGOTCEKCPTCPDA 

Cvo CDNFSCERNRNQLCSGPDHGTCECCRCfXKPCVITCSNCGCQESNDTCKPPGGCEICSCHGTCECGVCKCTVNDQGRFSGRHCEKCPTCSGB 
CONFSCVRH1CCLLCCC NGDCOCCECVCRSCWTGEYCSCTTSTDSCVSED GVLCSGRGOCVCCKCVCT HPCASGPTCERCPTCCDP 

h CAEHKECVOCRATNKGE KKDTCTQECSYFKITKVESRDKLPOPVOPOPVSHCKEKDVODCKFYrTY SVHGNHEVHVHWEKPECPTCP 

$ CGKYISCAECLKFEKGPr GKNCSAACPG LQLSN NPVKGRT CKE ROSEGCWVAYT LEQQOGKDRYLI YVD ESRECVAGP 

b CTFKKECVECKXFDREPYKTENTCNRYCROSIESVKEIiKD TGKOAVN CTYKH EDDCWRFQY YEDSSGKSILYWEEPECPKGP 

C YO COELKDCVOCQMYKTCELKWGDOCARHCTQFVPVCVEKVEID ETKOEQM CKFFD EOOC KFMFX Y SEOGELKVYAQENXECPAXV 

K J CNSKRSCIECKLSAAGQA GEECVDKCKLAGATISEEEDF SKDGSVS C5LQGENECLITFLI TTDMEGKTIIHSINEKDCPKPP 

6 OX 1PIVAGWAGI vllClALtuBRlXMI X hBrREFAXFSxIkmH AKRdTGES P I YKSAVTTVVflpX YEGX 
B HI AAI VGGTVAGI V LIG X LLLV1HXALIB L5DLRE YRRFEKEKLKSQHNN ONPLrKSATTTVHHPXTAES 
U DILWLLSVKGAI LLIG LAALLIHKLLI T I KDRKEFAXFEEERARAXHDTA1DIP LYKEATSTFTM ITYRGT 
VyO FHl£IVMGVIAAIVLVGlAILLl«KLLrTIHDRREFARFEXERMNAXTOTGEllPIYKOATSTFXIIPMYAGK 

W. NXPMXMI^VSIATLLIGVVLLCXIfKLLVSFHORXEVAKFEAERSKAXWQTGTNPliYRGSTSTFKHVTYKBREKQKVDLSro 
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TCTGTTTGTAGCAAGAGGGATAAIACAAATtaUUkTTTAriCTXWCAAAT^^ 

CVCRXRDNTHBXXSGK J C ECOltPHCDRSNOLI 

TCCGtCtOCASgAACAJGCACAACACCWGABAICTACTC 


TGTGTCTQC C ACAGC ACTGACTTT 

* -V^^g, h 1 g 0 r 

TGCTCCTOCCACAGCQATGACTTT 


GCCAAGA1CACG 

C X X T 
GGCAAGATCACG 


SGCAACTACTCCCAGTGTCACGAC: 

GXYCBCDD 
GGCAAGTACTGTGAGTGTGATGAC! 


«CTACAAGCGGGAGATG 
R Y X G B H 
SCTACAAHGGOGACATG 


CCAAACATTTAT CCACCTTATTCCCACTCTCACAA 1 1 M il l iV, CCTGACACACAAACGGCTGCTC 1116 


TCTCGACGAAATGGTGTTTGCAAOTGTCWTCTOTGAOTCCA^ 

CGGRGVCXCRVCBCKPHYTCSACOCSLDTSTC 
TGTCGAGGCAATGCACTCTCCCGGTCTCCTCTCTGCGJ ^ 

r r a p 

TGCTCAGGCCATGCCCAGTGCA GCTC T G GCCACTGCCTOTGTW 

C8GHGQCSCGDCLCDSOWTGYYCHCTTRTDTC 
TGCTCAI^CJOTGCCACTCCAGCTGTGCCCATTGCCTCTGTCATTCTGACTCGAC 

L 

ICCGGAGGTAACGGCGACTGTGACTGTCCTGAATG^TGTCCACGAGCGGCTG^ 

C G G N G D C _ _D _C__ C ECVCRSGtfTGBYCNCTTSTOSC 
TtnGGAGATAACGGAGACTGTGAATGTGCGGAATGCGTGTGCACGAGTGGTTGGACC^ CTGC 
OB T 

CAACCCA<^ AACCCJICACATCTCCAATCCC CGGG(XATCTGCCACTGTCCroTCTGTAACTCTACACATCCGAAGTT rCAACSGCAAACG 
IAS«COICMORCICECCVCKCTDPKrQGQT 

CTGGCCACCAACGGGCACAtCTGCAATGCCCGGGGT G TGT GC GAGTGCGCCCTGTGCAAC 
L T V 

ATCTCCiUXAATGGGCTaeTCTGCAGCGGCCTCGGCAAGTGTG^ 

ATCTCCACCAACGGCCTC t^u JL * t nJLwv t n£^Ivl^LJL-!iJLw? yil^Sw^iZl 

GTCTCKAAGATC&ACTGCTCTGCAGCGGGCGCCGCCACTCTGTTTGTCCCAM 

V3ROGVLCSGRGDCVCOK C VC THPGA9GPT 
ATC TCC CAAG ACCGC ACCCTCTGC AGC CCGCGC CCCCACTGCGTCT GTGGCAACTCTCTCTCCAC CAACCCTCCACCCTCCGGAC C CACC 

I T 


FlG. 5. Alignment of partial nu- 
cleotide and amino acid sequences 
from human (H) and guinea pig (GP) 
£1, I*, and 0a for the region just 
downstream from the B3F primer. 
Amino acid translations denoted by the 
one-letter code are shown below the sec- 
ond nucleotide of each codon. For the 
guinea pig sequences, only amino acids 
that differ from the human sequences 
are shown. The numbers shown along 
the right-hand margin denote the nu- 
cleotide number for human 0 6 . The se- 
quences for human 0 X (10) and ft (13) 
are from previously published reports. 


differ; the amino acid sequences are 94% identical. Further- 
more, of the 1732 nucleotides sequenced in both species, 91% 
are identical. Nine potential glycosylation sites present in the 
putative extracellular domain of human ft, are shown by 
underlining. All seven of these sites that lie within the 577 
amino acids obtained for guinea pig 0 6 are also present in the 
guinea pig protein. If all of the potential glycosylation sites 
are occupied with oligosaccharides having an average molec- 
ular weight of 2,500, the predicted molecular weight of human 
& would be 106,000. 

Comparison of the 788-amino acid sequence deduced from 
the open reading frame to the three previously sequenced 
human 0 subunits and the myospheroid protein of DrosophUa 
is shown in Fig. 4. There are 179 amino acid residues that are 
identical in each of the other 0 subunits and in £ 6 including 
56 conserved cysteine residues. The overall percentage of 
identical amino acids between ff 6 and the other human 0 
subunits is 47% for 42% for 0„ and 38% for j3 a . Human 0 6 


is also 39% identical to the Drosophila 0 subunit. Human 0 U 
02, and & and the DrosophUa 0 subunit all have cytoplasmic 
regions consisting of 41 amino acids (beginning after the 
putative transmembrane domain shown by the underline in 
Fig. 4). Although 0 6 contains each of the 10 conserved amino 
acid residues in this cytoplasmic region it also contains an 
11 -amino acid extension at the carboxyl terminus. 0% also 
contains two Arg-Gly-Asp sequences, one at amino acids 514- 
516 and the other at 594-596. However, since these tripeptides 
are both within cysteine- rich regions, it is unclear whether 
they would be sufficiently exposed to serve as recognition 
sites for other members of the integrin family. 

PCR using the primer pair B3F/B4R (see Fig. 1) amplified 
fragments of the expected size of approximately 750 nucleo- 
tides. Cloning and sequencing of the fragments did not result 
in any additional clones containing the novel 0 subunit se- 
quence but did result in several clones with inserts encoding 
an amino acid sequence that was 97% identical to the corre- 
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sponding region of human ft and several others encoding an 
amino acid sequence that was 93% identical to human ft (Fig. 
5). These are presumably the guinea pig homologues of ft and 
ft, respectively. The nucleotide sequences of guinea pig and 
human ft are 80% identical, and those of guinea pig and 
human ft are 91% identical. 

DISCUSSION 

This report presents the complete amino acid sequence, 
deduced from cDNA, of a novel member of the human integrin 
ff subunit family and a partial sequence of the guinea pig 
homologue of the same molecule. Comparison of this sequence 
to the previously published amino acid sequences of human 
ft* ft* and ft and to the myospheroid protein of Drosophila 
(Fig. 4) convincingly demonstrates that this protein is an 
integrin 0 subunit. There are 179 identical amino acid residues 
present in the novel protein we describe and in all of these 
other 0 subunits including all 56 conserved cysteine residues. 
As in each of the other integrin f$ subunits, the novel protein 
includes three complete repeats containing 8 cysteine residues 
each and one incomplete repeat (10-13). The amino acid 
sequence of this novel protein is 38-47% identical to each of 
the other 0 subunits, values quite similar to the degree of 
identity of ft, ft, and ft to one another. Like each of the other 
integrin 0 subunits, this novel protein is predicted to consist 
of a large extracellular domain with several potential glyco- 
sylation sites, a single transmembrane domain, and a short 
cytoplasmic tail. Comparison of the fi chain sequences does 
not allow any direct insights into subunit association or ligand 
binding specificities. However, it should be noted that a 
stretch of nine amino acids at the NH 2 -terminal end of a 
putative Arg-Gly-Asp-binding fragment is present in ft, ft, 
and ft but absent in ft (see Fig. 4, gap in ft sequence between 
residues 92 and 93). Since ft integrals do not bind extracel- 
lular matrix ligands in an Arg-Gly-Asp-inhibitable fashion, 
this deletion in the ft sequence may be related to its unique 
functional properties. 

In addition to ft, ft, and ft, recent studies have suggested 
the existence of as many as five other integrin 0 subunits. 
Some sequence information for two of these is available to us. 
A P subunit with a molecular weight of approximately 210,000 
(ft) has been found to associate with the integrin a subunit 
a 6 in colon carcinoma cells and in a variety of other tumor 
cells of epithelial origin (3, 6, 8). On the basis of its high 
molecular weight (210,000 compared with the predicted size 
of 106,000 of the novel protein we describe) and on the basis 
of its clearly different amino-terminal sequence, it is apparent 
that ft is not the same as the protein we describe. Another 0 
subunit, originally called ft, was identified in epithelial-de- 
rived tumor cells in association with the integrin a subunit a v 
(4). The amino-terminal sequence of this subunit, renamed 
ft, has recently been determined from purified preparations 
and clearly differs from the 0 subunit we describe. 3 Because 
the 0 subunit described in the present report is distinct from 
each of the five 0 subunits for which sequence information is 
available, we have named it ft. 

The existence of two other integrin fi subunits has been 
inferred from the identification of unique proteins after im- 
munoprecipitation of surface-labeled cell lysates with anti- 
bodies to known a subunits. One of these novel proteins, 
called ft, was found in association with a v in the human 
osteosarcoma cell line MG-63, in the fibroblast cell line 
AF1523, and in human endothelial cells (5). This protein is 
clearly distinct from ft, the 0 subunit that was first found to 


1 D. Cheresh, personal communication. 


associate with ctv, on the basis of tryptic peptide mapping, 
lack of immunoreactivity with antibodies to ft, and a unique 
pattern of phosphorylation in cells incubated with phorbol 
ester (5). Since no sequence information is available for ft, 
we cannot be certain whether or not it is the same as ft. 

The other novel integrin fi subunit identified by co-immu- 
noprecipitation of known a subunits, ft, is an M r -95,000 
protein found in association with 04, an a subunit first found 
as part of the lymphocyte homing receptor VLA-4 (7). The 
possible existence of one additional novel integrin 0 subunit 
can be inferred from evidence that there is a unique hetero- 
dimer on the surface of human neutrophils (17) that has 
ligand binding specificity for the tripeptide Arg-Gly-Asp, a 
sequence recognized by several members of the integrin family 
(1, 18). Since no other information about the sequence or 
cellular distribution of either of these 0 subunits is available, 
their relationship to ft is unclear. 

A unique feature of the PCR-based technique we used to 
obtain the initial partial sequence of ft is the potential to 
rapidly obtain nucleotide sequences encoding similar proteins 
in more than one species. With this technique we obtained 
partial cDNA sequences that encode guinea pig ft and ft from 
the same cells (guinea pig airway epithelial cells) from which 
we obtained ft. These data clearly show that at least these 
three 0 subunits are all present in these cells. Furthermore, 
they provide confirmation that the novel integrin & subunit 
sequence we obtained is not simply the guinea pig homologue 
of ft or ft. Comparison of these sequences to the previously 
published sequences of human ft and ft confirms the remark- 
able cross-species conservation of the integrin 0 subunits, 
both for amino acids (93-97% identity) and nucleotides (80- 
91% identity). 

An interesting feature of ft is its unique 11 -amino acid 
carboxyl-terminal extension (Fig. 4). The short cytoplasmic 
tails of ft, ft, and ft have been suggested as important sites 
of interaction with the cytoskeleton and are probably critical 
regions for the transduction of signals initiated by interac- 
tions of the large extracellular domains with ligands. The 
cytoplasmic tails may also be important targets for regulation 
of integrin function. The unique extension of the cytoplasmic 
tail of ft implies that its regulation or its pathways for signal 
transduction may be different from those of ft, ft, and ft. 

Acknowledgment— We thank Theresa Kleven for help in the prep- 
aration of this manuscript. 
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Novel Integrin a and /3 Subunit cDNAs Identified in Airway Epithelial Cells 
and Lung Leukocytes Using the Polymerase Chain Reaction 

David J. Erie, Dean Sheppard, Johannes Breuss, Curzio Riiegg, and Robert Pytela 

Lung Biology Center; Center for Occupational and Environmental Health; Cardiovascular Research Institute; Medical 
Service, San Francisco General Hospital; and the Departments of Medicine and Pharmacology, University of California 
at San Francisco, San Francisco, California 


The integrins are a large group of cell surface glycoproteins that mediate cell-matrix and cell-cell adhesive 
interactions. Integrins play a role in normal lung development, in host defense against pulmonary infec- 
tion, and in the pathogenesis of the adult respiratory distress syndrome. Integrins are heterodimers consist- 
ing of one a subunit and one 0 subunit. We identified consensus sequences within integrin subunits and 
used oligonucleotide primers based on these sequences to amplify cDNA by the polymerase chain reaction 
(PCR). We previously reported the use of this homology PCR technique for the identification of one novel 
integrin 0 subunit, 0«, from guinea pig airway epithelial cells. Here we demonstrate that primers based 
on a subunit consensus sequences can also be used for homology PCR. We have used the a and 0 subunit 
primers to amplify and clone a large variety of integrin partial cDNAs from several cell types and species. 
Comparison of the deduced amino acid sequences reveals a high degree of cross-species conservation (86 
to 98% identity). One a subunit (identified in guinea pig airway epithelial cells) and one 0 subunit 
(identified in rabbit leukocytes obtained by bronchoalveolar lavage and in human and mouse leukocyte 
cell lines) have novel sequences that are related to but clearly distinct from all previously reported integrin 
sequences (24 to 61% identity). These novel cDNAs are very likely to encode previously unsequenced 
integrin subunit proteins that are expressed in the lung. Homology PCR is a powerful technique for the 
identification of known and novel integrin a and 0 subunit cDNAs in cells from the lung and other organs. 


Cells adhere to other cells and to the extracellular matrix in 
a highly specific fashion during embryogenesis, inflamma- 
tion, thrombosis, and metastasis. Marry of these adhesive in- 
teractions are now known to be mediated fay members of the 
integrin family of cell surface glycoproteins (1, 2). At least 
16 mammalian integrins have been identified. All integrins 
are made up of one a subunit and one 0 subunit. Some, if 
not all, 0 subunits are capable of associating with more than 
one a subunit, and some a subunits are also able to associate 
with more than one 0 subunit. Both subunits are involved in 
determining ligand specificity. Integrins are expressed in a 
wide variety of lung cell types, including epithelial cells, en- 
dothelial cells, and leukocytes (3); the pattern of expression 
is developmentally regulated (4). Integrins on the surface of 
leukocytes are involved in the inflammatory response and in 
host defense against infection in the lung and other organs 
(5, 6). In animal models of the adult respiratory distress syn- 
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drome, lung injury can be dramatically attenuated by the ad- 
ministration of antibodies that block leukocyte integrin func- 
tion (7-9). Integrins are also believed to play a role in the 
metastasis of some malignant cells to the lung (10). 

The amino acid sequences of most of the known integrin 
a and 0 subunits have been determined (references cited in 
Tkbles 1 and 2). Eleven mammalian a subunit sequences 
have been previously reported. The overall structure of each 
of these a subunits is quite similar, and in several regions the 
amino acid sequence is highly , conserved between marry or 
all of the a subunits. The deduced amino acid sequences of 
five mammalian integrin 0 subunits, 0,, 0a, 0 3 , 0 4 , and 0 3 , 
have been previously reported by other investigators. These 
five sequences are 35 to 55% identical, if the unique large 
cytoplasmic portion of 0 4 is excluded from the analysis. 
Integrin sequences are known to be highly conserved be- 
tween species as diverse as human, chicken, and Drosophila 
(11-13). There are other a and 0 subunits that have been 
recently identified but that have not yet been sequenced. 
Examples of integrin subunits for which no sequence data 
have been reported include a novel melanoma laminin recep- 
tor a subunit (14), the 0 r subunit of lymphocytes (15, 16), 
and the a and 0 subunits of the "leukocyte response inte- 
gral* (17). 

Our experiments were designed to obtain sequence infer- 
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mation about identified but unsequenced integrin subunits 
and to identify and sequence completely novel subunits. We 
were particularly interested in studying cells obtained directly 
from the lung. Homology polymerase chain reaction (PCR), 
the technique we employed in our experiments, has been 
used by others to identify novel members of several protein 
families (18-20). We previously reported the use of homol- 
ogy PCR for the identification of a novel 0 subunit, ft, in 
guinea pig airway epithelial cells (21). We have now been 
able to extend this technique to the a subunit family. Here 
we report the use of homology PCR for the identification of 
known and novel cDNAs encoding members of both the a 
and the j3 subunit families in a wide variety of cell types of 
pulmonary and nonpulmonary origin. 

Materials and Methods 
Cells 

Guinea pig airway epithelial cells were cultured in hormone- 
supplemented Ham's F-12 with vitamin A and 5% fetal bo- 
vine serum (22) on filter supports coated with types I and 
HI collagen. Cells proliferated for 7 to 10 days, and RNA 
was obtained between days 10 and 15. Rabbit leukocytes (gift 
of Dr. A. Boylan, University of California, San Francisco, 
CA) were obtained by bronchoalveolar lavage (BAL) and 
stimulated with Escherichia coli lipopolysaccharide 10 
/ig/ml for 2 h prior to harvesting RNA from adherent cells 
(> 90% macrophages). Human cell lines used as sources of 
RNA were HeLa (cervical carcinoma), MeWo (melanoma), 
Raji (Burkitt's lymphoma), MoLT-4 (T-cell leukemia), and 
EBV-B6.1 (EBV-transformed peripheral B cells, gift of Dr. S. 
Abrignani, CIBA/Geigy, Basel, Switzerland). Mouse leuko- 
cyte lines used were WR 2.3 (lymphoma) and P388D1 
(macrophage-like cells). Cell lines were grown in Dulbecco's 
modified Eagle's medium with Earle's balanced salt solution 
(MeWo) or in RPMI (all other cell lines) with 10% fetal or 
neonatal bovine serum on tissue culture plastic. Pig aortic 
endothelial cells (gift of Dr. J. Escobedo, University of 
California, San Francisco, CA) were from primary cell cul- 
tures (early passage). 

cDNA Synthesis and PCR Amplification 

Random hexadeoxynucleotide-primed cDNA was synthe- 
sized from 1 to 5 /ig of poly(A)* RNA or 10 to 25 /ig of to- 
tal RNA using Moloney murine leukemia virus reverse tran- 
scriptase (standard preparation or RNase H~ preparation; 
Bethesda Research Laboratories, Gaithersburg, MD) in a 
20- to 40- pi reaction. One to five microliters of the reverse 
transcription reaction were used in each PCR. PCR was 
done in Taq buffer (50 mM KC1, 10 mM Tris-HCl [pH 9.0] 
at 25° C, 1.5 mM^!gCl 2 , 0.01% gelatin, 0.1% Triton 
X-100) with 0.1 mM each'of dATP, dCTP, dGTP, and dTTP, 
approximately 1 pM of each primer mixture, and 2.5 U Taq 
DNA polymerase/lOO-jil reaction volume. Primer sequences 
were based on the sequence alignments shown in Figure 1. 
Restriction sites for Eco RI ( GAATTC) or Sal I ( GTCGAC) 
were incorporated into the 5' ends of primers to facilitate 
cloning. Actual primer sequences were: A14F 5-CGGAA- 
TTCGGIGA(A,G)CAG(A,C)TIG(C,G)I(G,T)CITA(C,T)TT- 
(C,T)GG-3; A2AR 5 , -CrC GTCGAC GGIGCI(C,G)CIA(QT> 
IGCIA(C,T)(A,G)TCITI(A,G)(A,T)AICC(A,G)TC-3', B1F 


5^CGTCGAC(A,C)T(C,G)TA(C,T)TA(C,T)(C,T)T(G,T)AT- 
GGA(C,T)CT-3', B2R 5'-TT TGAATTC ATIAT(G,T)GC(A,G)- 
TCIA(A,G)ICCACC(C,T)TC-3', B1AF 5-AAA GTCGAC - 
CCI(A,G)TIGA(C,T)(A,C,T)TrrA(C,T)(A,T)(A,T)I(C,T)TI- 
ATGGA-3', and B2AR 5-GGGGAATTC(C,T)TGIA(A,G,T)- 
IA(C,T)IGC(A,G)TCIA(A,G)ICCICC(C,T)TCIGG-3', 
where I indicates deoxyinosine. Note that the sequences of 
the A2AR, B2R, and B2AR primers, which are intended to 
prime synthesis of the antisense strand, contain the reverse 
complement of the appropriate consensus sequence shown in 
Figure 1. The B1F and B2R primers were used in the initial 
experiments involving guinea pig, human, and mouse cDNA 
amplification; the BIAF and B2AR primers were used in 
later experiments with pig and rabbit cDNAs. Amplification 
was performed in a thermal cycler (Ericomp, San Diego, 
CA). For the a subunit amplifications, the reaction condi- 
tions were initial denaturation at 95° C for 4 min, 30 cycles 
of amplification (melting at 95° C for 45 s, annealing at 
48° C for 45 s, extension at 72° C for 60 s), and final exten- 
sion at 72° C for 10 min. For the 0 subunit amplifications, 
the reaction conditions were the same except that the anneal- 
ing temperature was 53° C. 

Cloning and Analysis of PCR Products 

Amplified cDNA was prepared for cloning by phenol/chlo- 
roform extraction and ethanol precipitation followed by di- 
gestion with Eco RI and Sal I, which recognize sequences 
at the 5' ends of the primers. The cDNAs were then purified 
by electrophoresis in low-melting-point agarose followed 
by phenol/chloroform extraction and ethanol precipitation. 
Amplified cDNAs were ligated into Eco RI- and Sal I- 
digested, dephosphorylated pBluescript vector (Stratagene, 
La Jolla, CA) with T4 DNA ligase. After transformation of 
competent JM109 Escherichia coli, up to 40 colonies were 
picked for further analysis. Clones were analyzed by DNA 
sequencing and/or restriction analysis. The sequences pre- 
sented here were obtained by sequencing both strands of 
cloned cDNAs using modified T7 polymerase and the T3 
and T7 primers. Sequence comparisons were performed 
with the GAP computer program (23), with gap weight set 
to 3.000 and length weight set to 0.100. 

The "Restriction-Ream plification" Technique 

We devised a technique we call "restriction-reamplification n 
to identify additional cDNAs in some cell types. We began 
by analyzing the one or two most abundant cDNA sequences 
determined from the clones obtained in the first round of am- 
plification. Predicted restriction endonuclease sites within 
these sequences were identified. An aliquot of the amplified 
cDNA mixture was digested with one or two restriction en- 
donucleases to digest the abundant cDNAs within the mix- 
ture. Less abundant cDNAs that did not contain a recogni- 
tion site for the restriction endonuclease would presumably 
remain intact. In order to obtain sufficient material for clon- 
ing, the digested mixture was reamplified with the same con- 
sensus primers and reaction conditions used in the initial am- 
plification. The resulting product was then cloned and 
analyzed as above. Restriction endonucleases used were: Pst 
I plus Pvu n (to digest guinea pig a, plus a,), Hinf I (to di- 
gest human ft), and Rsa I (to digest mouse /Si). 
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CGI GU CAG ATI GCI CCI TAC TTC GG- 
G C G T T T 


P2 
P3 

Bl consensus 


B1A consensus 


CAC ATC TAC TAC CTG ATG CAC CT- 
C G T T T T T 


CCI ATI GAC ATI TAC AAI CTI ATC GA- 
G T C T TT T 


Figure!. Alignments of con* 
served regions of the integrin 0 
and 0 subunits used to design 
consensus polymerase chain re- 
action (PCR) primers, (a) Sche- 
matic diagram of the integrin a 
and 0 subunit structures. The a 
subunits contain large extracellu- 
lar portions with seven repeated 
domains (labeled 1 through 7), a 
single transmembrane domain 
(TM), and short cytoplasmic por- 
tions. Five or subunits, a t , a 2 , 
a M , a L , a*, have an additional 
domain (I-domain) not present in 
the other sequenced a subunits 
(25). The positions of the two 
conserved regions A14 and A2 
are indicated by solid boxes. The 
fi subunits contain large extracel- 
lular portions with four cysteine- 
rich regions (1 through 4), trans- 
membrane domains (TM), and 
intracellular portions. The ft 
subunit, unlike the other 0 sub- 
units, has an extremely large cytoplasmic portion (not shown). The two conserved regions Bl and B2 are near a putative ligand binding 
site (?LBS) identified by crosslinking studies (24). (b) a subunit alignments. Two highly conserved regions, A14 and A2, were identified 
by inspection of the previously reported human at, cm, a s , a„, a L , a,, a v , and a u6 , rat 00, and hamster a 3 subunit sequences (references 
cited in Table 1). Degenerate consensus nucleotide sequences that included most of the possible codon combinations that could encode 
these regions were generated and incorporated into the A14F and A2AR primer mixtures. Deoxyinosine (I) was incorporated at some 
positions where any of the four nucleotides might appear. In some cases where a marked codon preference was observed in the published 
cDNA sequences, only the preferred codon sequence was included in the consensus sequence, (c) 0 subunit alignments. The well-conserved 
Bl and B2 regions were identified by comparison of three previously reported human 0 subunit sequences, ft, ft, and ft. The Bl and 
B2 consensus sequences were generated based on these three sequences. Later, when the ft, ft, and ft sequences became available to 
us, we added these sequences to the alignment and developed revised consensus sequences, designated B1AF and B2AR. Abbreviations 
for the amino acid residues are: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, lie; K, Lys; L, Leu; M, Met; N, Asn; P, 
Pro; Q, Gin; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 


GAC GCI TAC IAI GAC ATI GCI ATI GCI GCI CC- 
T TT T G G G 


B2 consensus 


B2A consensus 


PEGCFDAtMO 
PEGGLOAtlHQ 
PEGGF0AIH0 
GAA GGT GGI CTI CAC CCA ATI ATG CA- 
G TTC 

PEGGrOAI L0 
PEGGt'DAVLO 
PEGGFDAIKQ 

CCI GAA GGI GGI CTI GAC GCI ATI ATI CAA 
G T T G C G 


Results 

Design of Consensus Oligonucleotide Primers 
When we began our initial experiments, the sequences of 
three mammalian integrin 0 subunits, ft, ft, and ft, had 
been reported. We aligned these three sequences and 
identified two regions, which we designated as Bl and B2, 
which were highly conserved (Figure 1). These regions are 
located in the extracellular portion of the 0 subunits near a 
putative ligand binding site (24) and are separated from each 
other by approximately 100 amino acid residues. We de- 
signed one oligonucleotide mixture (B1F) based on the Bl re- 
gion, and a second mixture (B2R) based on the B2 region. 
After the sequences of ft, ft, and ft were reported, we re- 
vised our primer design based on these additional sequences 
(Figure lc). The resulting primers, designated B1AF and 
B2AR, were used in the experiments involving rabbit leuko- 
cytes and pig aortic endothelium. 

The previously reported a subunit sequences were also 
aligned and two highly conserved regions, located within the 
fifth and sixth repeated domains (25), were identified (Fig- 
ure 1). These regions, designated A14 and A2A, are sepa- 
rated by between 72 and 92 amino acid residues in the previ- 
ously reported a subunit sequences. The oligonucleotide 
primers A14F and A2AR were designed based on these 
regions. 


PCR Amplification of Integrin cDNAs 

We prepared cDNA by reverse transcription of RN A derived 
from a variety of cells (see Materials and Methods). 
Cells from a total of five different species (human, guinea 
pig, mouse, pig, and rabbit) were studied. Cell types studied 
included leukocytes, epithelial cells, and endothelial cells. 
RNA was prepared from transformed cell lines, from cells 
in primary culture, and from cells obtained by BAL. Appro- 
priate primer pairs (B1F/B2R, B1AF/B2AR, or A14F/A2AR) 
were used to amplify the cDNA. The PCR products were 
analyzed by agarose gel electrophoresis (Figure 2). When 
the a subunit primers were used, two bands corresponding 
to DNA products of approximately 350 and 290 base pairs 
(bp) were seen on agarose gel electrophoresis (lane 2). Based 
on the known a sequences, we expected that the amplified 
a, partial cDNA (including primers) would be approxi- 
mately 350 bp in length and that the other partial cDNAs 
would be approximately 285 to 300 bp in length. When the 
fi subunit primers were used, the PCR yielded products of 
approximately 360 bp (lane 3). This agrees with the size 
predicted from the known 0 subunit sequences. 

PCR products were ligated into the pBluescript plasmid 
for cloning and further analysis. This resulted in the iden- 
tification of between one and four different integrin subunit 
partial cDNAs per amplification (see below). We anticipated 
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Figure 2. Amplification of inte- 
grin a and 0 subunit cDNAs. 
Results shown here were obtained 
using pig aortic endothelial cells 
and are similar to the results ob- 
tained with other cells. RNA was 
prepared from cultured cells and 
reverse-transcribed to cDNA. 
The cDNA was amplified by PCR 
using integrin consensus primers 
and analyzed by electrophoresis 
on a 1.5% agarose gel stained 
with ethidium bromide. Lane 1: 
DNA size markers (0X 174 Hae 
III digest); bands, from top to 
bottom, correspond to fragments 
of 1353, 1078, 872, 603, 310, 
281/271, 234, 194, 118, and 72 
base pairs. Lane 2: PCR products 
obtained with a subunit primers 
A14F and A2AR. Lane 3: PCR 
products obtained with 0 subunit 
primers BIAF and B2AR. 


that additional integrin cDNAs might not have been detected 
with this approach because of the small number of clones 
analyzed. This could occur if these cDNAs were less abun- 
dant or were amplified less efficiently than other integrin 
cDNAs. To address this problem, we used a modification of 
the PCR technique that we call M restriction-reamplification w 
(see Materials and Methods). This technique did allow 
us to identify additional or or 0 subunit cDNAs in a number 
of cell types (see below). 

oc Subunit Sequences 

The results of the a subunit amplification experiments are 
summarized in Thble 1 and Figure 3. We used the a primers 
with cDNA made from guinea pig airway epithelial cells in 
primary culture, from human leukocytes (EBV-B6.1 cells) 
and from pig aortic endothelial cells. We were able to iden- 
tify between two and six distinct a subunits in each cell type 
studied. A total of seven distinct a subunit cDNAs were 
identified in one or more species. 

We were able to identify six different a subunit cDNAs 
present in guinea pig airway epithelial cells. The partial 
amino acid sequences deduced from five of these cDNAs are 
88 to 92% identical to the sequences of a,, a 2 , a 3 , a s , and 
a* from other species. These cDNAs presumably encode 
the guinea pig homologs of those five a subunits. The sixth 
sequence, provisionally designated as a M is 24 to 60% iden- 
tical to the 1 1 previously reported or subunits in this region. 
The a* partial nucleotide and deduced amino acid sequences 
are shown in Figure 4a. (Pairwise sequence comparisons 
were performed using the GAP computer program [23]; 
these pairwise alignments differ slightly from the subunit 
family alignment shown in Figure 3.) Short regions of the 
a A sequence are very similar to corresponding regions of 
the other a subunits, especially ou. Other regions are clearly 
distinct from ou and the other a subunits. These observa- 


tions strongly suggest that ct k is a novel integrin a subunit 
that is distinct from the 11 other a subunits for which se- 
quence data have been reported (see Discussion). Two of the 
six guinea pig airway epithelial cell a subunits were iden- 
tified by restricfion-reamplification: neither a 2 nor a 3 cDNAs 
were identified among the 40 clones obtained with the basic 
method, but both a 2 and ctj cDNAs were included in the 
five clones obtained by restriction-reamplification. 

Our inability to clone the human a. cDNA from EBV-B 
6.1 cells may be related to the cloning strategy we used. The 
human a L partial cDNA has a Sal I site very near the 5' end 
(26). When the amplified cDNA mixture is prepared for 
cloning by digestion with Eco RI and Sal I, the a L cDNAs 
would be digested into one relatively large piece with two 
Sal I ends, and one small piece that would be lost in the gel 
purification step. This would prevent the o/ t cDNA from 
ligating with the Eco RI- and Sal I-digested vector, and no 
a L clones would be obtained. This problem could presum- 
ably be overcome by modifying the cloning strategy. 

jS Subunit Sequences 

The results of the /3 subunit amplification experiments are 
summarized in Table 2 and Figure 5. We used the 0 primers 
with cDNA made from lipopolysaccharide-stimulated rabbit 
BAL fluid leukocytes (> 90% macrophages), from human 
leukocyte cell lines (Raji and MoLT-4 lymphocytes), from 
mouse leukocyte cell lines (WR 2.3 lymphoma cells and 
P388D1 macrophage-like cells), from guinea pig airway epi- 

TABLE l 

Summary of a subunit amplifications 


a Subunit* 


cDNA Source 


a, human 
a, rat (27) 
a i guinea pig 
oti pig 

of 2 human (28) 
a 2 guinea pig 

a 3 hamster (29) 
or 3 guinea pig 
orj pig 

a« human (30) 

ou human (31) 

a A guinea pig 

a s human (32) 
ot 3 guinea pig 
as pig 

atv human (33) 
a v guinea pig 
a v pig 

a,* human (34) 
a M human (35, 36) 
a L human (26) 
a, human (37) 


EBV-B6.1 cells 

Airway epithelial cells 
Aortic endothelial cells 

Airway epithelial cellst 

Airway epithelial cells* 
Aortic endothelial cells 


EBV-B6.1 cells 
Airway epithelial cells 

Airway epithelial cells 
Aortic endothelial cells 

Airway epithelial cells 
Aortic endothelial cells 


* The a subunit sequences are shown in Figure 3. 
t Sequence was identified by the restricuon-reamplincation technique (see 
text). 
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Oi hunan 
dl rat 

Oi guinea pig 
a, pig 

Oj hunan 

aj guinea pig 

Os hamster 
aj guliM« pig 
a 3 pig 

a* hunan 

a* human 

a* guinea pig 

Oj huMn 

Oj guinea pig 

a 9 pig 

ay human 

ay guinea pig 

Oy pig 

Ojib hunan 

On human 
a L hunan 
a x hunan 


S I LTTTOIDKOSNTD 1 LLVCAPMYHGTEXEEQ GKVYVY ALNQ- -TRFEYQMS LEP I KQTCCS SRQHNSCTTENXNEPCGARFGT A I AAVXO LN L 

SVLTTIDIOKDSTTOLLLVCAPKYMCTtKCtQ GKVYVTAVKO - "TRTEYOKS LXP IROTCCSS^DNSCTK^KNZPCCARfCTAI AAVKDl-MV 

SVLTTIDIOMDSKTOILLIGAPMWCTeKtCQ GKVTVYTL**Q — Tf^EYQMSLEP IKQTCCA5^HNSCTK£KWJEPCGAW*CTA I AAVKOLNL 

SVLTTVD I OKOSMTO I U.VGAP MTHGTEXEEQ CKVYVYAW«>--TrVeY^LEPI11RTCCS5L^^ 

SVLCS VD VDKOT I TO VL L VGAPM YKSD LKKE E -CRVYLTTI KK-GI LCOHQF LEG P CGI EN TRTGS A I AAL50 1 MM 

SVLCSVDVNKOTITDVU.VGA*JY»ttpLllKCC GRVYLFTIAK-GILNQHGf LEGPEGIW ARTGSAIAAL5DINM 

SAXAIADLNIfDGMODLLV-GAPYYrE — RKEE--VGGAVYVF-HMQAG7SFP0Q-P3LLLHGPSR SAFGISI AS IGDINQ 

SAIALADLNNDGMQOLlV-GAPTYrO — RKEI--VGGAVTW-KKQAGTSrPM-P3LLUtGPSR SGTGgSHAS IGCIHO 

SAIAUu5UOIOtllODlJ.V-<MYY^--RltEe--Va»VTVr-^ SATGFSVMIGOIWQ 

YDVAVKDLNItDOWIVI^AFQYro--RME--VG<^ SKTGI AVXN ICO INQ 

A5VCAVDLHAOCrS0LLV-GAPH0STX-REC GRVFVY -INS -GSGAVMNAMETN LVGSD K Y A ARTCESIVNLGOIDW 

S5LCAVDUtRDGLSDLLV-GAPKFSEV-RDE GOVTVY - 1 KR-GWGVLEE - -QLALTGC RAW AHFGESIAGLGOLOO 

YAVAATOVMGOGLOOLLV-GAPL^>ORTPOGRP^EVGR^^fVy^J{)HPAGIE-PT~PTLTLTGI^>E^ GRFGSSLTPLGOLDQ 

YAVAATDINtMUWLLV-CAPLIiCgRTAIJGR^ GRTC5SLTPLGOLOQ 

YAVAATDIKRIXjL^DLLV-GAPLUI^TADG^QEVGRVtI^ — PARTLTGHDtF GRFGS5LTPLGDLDQ 

r SVAATO IKGOO Y ADVT I -CAP LTMDRGSDGKLQEVGQV3VS LQRA3GCFQTTK LHGIXVT ARTGSAI APLGDUDQ 

FSVAATO IMGDOLADVF I -CAP LTXDRGSDG*LQEVG<}VSL3 LQAASGGFQTSK LTGTEVT ARTGSAIAPLGOLDQ 

F5VAATDIMGOOYIu3Vri^APmO>RGSOGKLOCVGQVSVSWKASGOTOTTK LHGrEVF ARFGSAIAPLGOLDQ 

H 5 V A VTD VNGDGAHD LL V-CAP LYMES RADRKLAEVGRVYLFLQPR-GP HALGA-PS LLLTGTQLY GRTGSAI AP LGO LOR 


ASLCSVDVDSNGS TDLVL IOAP H YYEQTR GGQVSVCP LPR-GQRARWQCDAV-LYGBQGQPW- 

GELCGVDVDQDGETELLL IGAP LF YGGQR GGRVT I YQRRQLGFEEVSE LQGOPGYPL- 

ASLCSVDVDTOGSTOLVLIGAPHYYEQTR GGQVSVCP UPR-GWR-RWWCOAV- LfGtOGMPH- 


—crfcaa ltvlgo vwg 
-grfge a i t a ltd i kg 
-grfgaaltvlgovkg 


Figure 1 Partial deduced amino 
acid sequences of integrin a 
subunits. Sequences shown in- 
clude previously reported a sub- 
unit sequences and a subunit 
sequences determined from the 
experiments presented here (see 
Table 1). Gaps (-) have been in- 
troduced in order to maximize 
the alignment. Arnino acid resi- 
dues conserved in all a subunits 
are indicated by asterisks; resi- 
dues conserved in all but one 
subunit are indicated by dots. 
Residues in rat, guinea pig, and 
pig sequences that differ from 
those in the human sequence are 
underlined. (In the case of a 3 , 
where the human sequence of this 
region has not yet been reported, 
differences from the previously 
reported hamster sequence are 
underlined instead.) Abbrevia- 
tions for the amino acids are 
given in the legend to Figure 1. 


OA 

Guinea 


f>7 


House 
Rabbit 


Mouse 
Rabbit 


pig TCCTCCTTATGCGCAGTTGACCTGAACAGGGATG^ 

K * SSLCAVDLHRDGLSDLLVGAPHrSEVROEGOVT 
GTCTACATCAACAGAGGAAACGGAGT<XrrGAGGAGC^ 

VYIMRGNCVLEEQLALTGDRAYNAHFGE3IAGL 

GGGGATCTCGACGAT 
Q D L D D 


AGCTACTCCATGAAGGACGACCTGGAJw^GTGCGCCAGCT^ 

SYSMKDDLERVRQLGHALLVRL QEVTHSVRIGF 
AGCTACTCAATGAAGGACGACTTGGAACGTGTG^ 

SYSMKDOLERVRQLGHALLVRLQEVTHSVRIGF 

\GCTACTCCATGAAAGACGACCTGGA<XXXXJTGCGCAGCTTGGGCCACC ATCTCCTGGTCCAGCTGC AGAACGTCACTCA<rrCCGTGCGC ATTGCCTTT 
SYSMKOOLERVRSLGHHLLVQLQNVTQSVRIGF 


GGTTCCTTTGTGGACAAAACCGT) 
GSFVDK7V 


G S r V D K 7 
GGTTCCTTTGTGGACAAGAI 


G S F V D 


T V L P f 


'TTGTGAGCACAGTACCCTCCAAACTGOSCCACCCCTGCCCCA^ 

vstvpsklrhpcptrlercqsp 
gtaagcaccgtgccctccaagcttcaccacccatgccccagccgactggagcgttgtcagccaccc 

STVPSKLHHPCPSRLERCOPP 

GTGJUXyKGGTGCCTGCCAAGCTtXGCCACCCCTGM 

STVPAKLRHPCPSRLERCQPP 


Figure 4. Partial nucleotide and 
deduced amino acid sequences of 
a A and 0 7 . (a) Guinea pig a A 
partial sequence, (b) Human, 
mouse, and rabbit ft partial se- 
quences. Deduced amino acid se- 
quences are shown below the first 
nucleotide of each codon. Abbre- 
viations for the amino acids are 
given in the legend to Figure 1. 


TTCAGCTTTCACCATGTGCTGTCCCTGACGGGGGACGCACAA 

FSfHHVLSLTGOAQArEREVCROSVSGNLDS 
TTCAGCTTTCACCACGTGCTCTCCCTCACCGGGGACGCTCAAGCCTTCGAGAGAG 

FSFHHVLSLTGDAQAFEREVGRQNVSGNLDS 
TTCAGCTTTGACCACGTGCTGTCCCTGACCGGGGACGCTCAGGCCTTCGAGCGG 

rSFHBVLSLTGOAQAFEREVGROSVSGNLDS 


thelial cells, and from pig aortic endothelial cells. We were 
able to identify between one and three distinct 0 subunits 
in each cell type studied. A total of six distinct 0 subunit 
cDNAs were identified in one or more species. 

We identified cDNAs encoding a novel integrin 0 subunit, 
designated 0 7 , in rabbit leukocytes obtained by BAL and in 
human and mouse leukocyte cell lines (Figure 4b). Amino 
acid sequences deduced from rabbit, human, and mouse 07 
cDNAs are 92 to 96% identical to one another. In contrast, 
the ft sequences are only 40 to 61% identical to other, pre- 
viously reported integrin 0 subunits in this region. Short 
regions that are almost completely conserved in all previ- 
ously reported integrin 0 subunit sequences are also con- 
served in each of the 0i sequences. The positions of the two 


cysteine residues present in this portion of ft, ft, ft, ft, 
and ft (but not in ft) are preserved in ft. These striking 
similarities strongly suggest that the ft cDNAs encode hu- 
man, mouse, and rabbit integrin 0 subunits for which no se- 
quence data has previously been reported. 

We were able to amplify cDNAs encoding 0,, 0 2 , 0 3 , 0 3 , 
and 0 6 . 0i was amplified from all the cells tested. 0 5 
was not detected with the basic method (0/8 clones from 
MeWo cells, 0/8 clones from HeLa cells), but after restric- 
tion-rearnplification was used to eliminate the abundant ft 
cDNAs, 05 was easily detected (3/5 clones from MeWo 
cells, 1/1 clone from HeLa cells). Of note, these experiments 
were performed with the B1F and B2R primers, which were 
designed before the 0s sequence was known to us. The B2R 
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TABLE 2 

Summary of 0 subunit amplifications 


p juduiui 

cDNA Source 

ft human (32) 

Raji, MoLT-4, HeLa, MeWo 

Pi mouse (Jo) 

WR 2.3, P388D1 

8i minea oifl Cl\\ 

nirway cpiinciiai ecus 


Aonic enuouieiiai ceus 

ft human (39 v 40) 

Raji, MoLT-4 

ft human (41) 

MeWo 

A human (42, 43) 


/3 3 human (44, 45) 

HeLat, MeWot 

ft human (21) 


ft guinea pig (21) 

Airway epithelial cells 

fir human 

Raji, MoLT-4 

ft mouse 

WR 2.3, P388Dlt 

ft rabbit 

Bronchoalveolar lavage cells 


* The j9 subunit sequences are shown in Figure 5. 
t Sequence was identified by the restriction-reampUficanon technique (see 
text). 


primer has four mismatches with the reported ft sequence 
and may therefore amplify ft cDNA less efficiently than 
other & subunit cDNAs. We have previously reported the use 
of homology PCR to identify the guinea pig ft partial 
cDNA, and the use of the guinea pig ft cDNA clone to ob- 
tain the complete amino acid sequence of human ft (21). 

Discussion 

We used the new technique of homology PCR to study the 
integrin family of adhesion molecules. The homology PCR 
technique has been successfully applied to other protein fam- 
ilies (18-20), and, based on the high degree of sequence con- 
servation between integrins, we anticipated that this tech- 
nique could also be successfully applied to the integrin a and 
fi subunit families. Alignments of the previously determined 
sequences of the ft, ft, and ft subunits revealed the exis- 
tence of several extremely well-conserved regions. We de- 
signed a pair of primer mixtures based on two of these 
regions and used them to amplify guinea pig airway epithe- 


lial cell cDNA. These experiments, which have been previ- 
ously reported (21), led to the identification of a novel inte- 
grin j8 subunit, ft. Here we demonstrate that this technique 
can be successfully applied to a wide variety of cell types 
from different species, and we report the partial sequence of 
another novel integrin ($ subunit cDNA. We also report the 
extension of this technique to the integrin a subunits. Our 
initial attempts to amplify or subunits were much less suc- 
cessful: using 10 different primer pair combinations based 
on several regions of the a subunits which appeared to be 
conserved, we identified only a few known a subunit cDNAs 
from all of the cell types we studied (data not shown). As 
additional a subunit sequences were reported in the litera- 
ture, it became clear that the number of regions that are 
highly conserved between all or virtually all o subunits is ac- 
tually quite limited. Two regions, which we designated A14 
and A2, flank two of the putative metal-binding sites in the 
central part of the a subunit and are highly conserved be- 
tween all of the a subunits that have been sequenced. Experi- 
ments performed using primers based on these regions al- 
lowed us to amplify a wide variety of a subunit cDNAs from 
different species, including one novel member of the family. 

Previously reported sequence data about several integrin 
subunits suggested that integrin subunits are highly con- 
served between species. As expected, our consensus primers 
did work well with cDN A made from many different species. 
We obtained partial integrin cDNA sequences from a total 
of five species (human, guinea pig, mouse, pig, and rabbit). 
The a subunit deduced amino acid sequences were 86 to 
97% identical between species. The cross-species identity 
for fi subunits was 92 to 98%. Many of the cross-species 
differences are due to conservative substitutions. We did not 
observe a single case in which one or more amino acids were 
inserted or deleted in an integrin subunit in one species rela- 
tive to another species. Because sequences are so highly con- 
served between species, we had no difficulty in determining 
whether a new cDNA sequence obtained from a given species 
encodes a truly novel integrin subunit or whether it merely 
encodes the homolog of a previously sequenced subunit from 
another species. 

In this report, we present evidence for the existence of one 


Figure 5. Partial deduced amino 
acid sequences of integrin fi sub- 
units. Sequences shown include 
previously reported fi subunit se- 
quences and fi subunit sequences 
determined from the experiments 
presented here (see Table 2). Gaps 
(-) have been introduced in order 
to maximize the alignment. Amino 
acid residues conserved in all fi 
subunits are indicated by aster- 
isks; residues conserved in all but 
one subunit are indicated by dots. 
Residues in mouse, guinea pig, 
pig and rabbit sequences which 
differ from those in the human se- 
quence are underlined. Abbrevia- 
tions for the amino acids are 
given in the legend to Figure 1. 


SYSMKDDtZM\n?SUTTt31>0*EKRRITSDrHICyCSrVEKTVKPTISTTPAK-LRIIPC-TSEQ — MCTTP-rSTKKVLSLniXCtVrWlLVGKQRISCHLOS 
S YSKK001*»VK5IOTU0aWlRr TSDrRI CTCSrvttTVKPTI 8TTPAK- 

8TSKR00LIIIVKS LCT|LMYE»«RITSOrRI GTGSFVEKTVW If 1 3TTPWl-IJWIK:^$EQ--HC7|P-rSYWIVl^LT5I^^ 
3V*^DOIillVKSI/3OIJIll£IBlRITS0rWCrCSrVKI[TVMPTISTTPAK-tWtPC-TS^ — IfCTSP-I^YKlfVULTgKCZVrVELVGlCQItlSCiaAS 

3YSKtOTUUiVKKI^U^L»CrTESCRIGrCSr«WTVLPnr^ 

SYSHMDUISIQm^MTOKRiaTSWUUGraro 

SMSHSMLDm«OIGML*R^QLTSDYTICT^^ PPrsntHVlSltlDVOmtlOtLOCEBISCIIlOA 

P, huaui SASKDDOUrri«L^I^Kr«!ttTSWTU^^ 
B» 9uina« pig S*S»DDUITirai/a^lCIlCSKlTSIinUjCTW^ 

Pi hum* 3*SKWDM8VRGLSHMJ,VRU1EVTHSVRIGF^ 

A, k>U>« «SKKroi£RVRQLG!»iaVRiflEVTHSVM 

B 7 nfafait «S«DDIOTHgLO^VgMBVTg$TOcr«rv^ 


Pi huatn 
$i nous* 
P, gruiriM pig 
Pi pig 

Pj hlMM 
P, hinwn 
P« bUNJl 
P, bunui 
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novel a subunit in airway epithelial cells and one novel j3 
subunit in leukocytes. Comparison of previously reported 
integrin sequences with the novel cDNA sequences we iden- 
tified strongly suggests that these novel cDNAs do in fact en- 
code integrin subunits. Definitive proof of this will depend 
upon determination of the complete cDNA sequences and 
identification of the corresponding integrin subunit proteins. 
We have temporarily designated the novel a subunit sequence 
as a A since it was detected in airway epithelial cells. The 
designation does not imply that expression of a A is restricted 
to airway epithelial cells. This designation is rather arbitrary: 
some a subunits are designated fay letter and some by num- 
ber. All numbered a subunits associate with /?»; we prefer 
not to designate the novel a subunit with a number because 
we have no data about whether it associates with 0,. A 
more permanent nomenclature will have to await further 
characterization of ot A . The or* sequence is one of six a 
subunit partial cDNA sequences identified in guinea pig air- 
way epithelial cells. Each of the other five sequences is very 
similar (88 to 92% amino acid identity) to one of the a 
subunit sequences previously determined from another spe- 
cies, indicating that all five encode guinea pig homologs of 
previously sequenced a subunits from other species. The 
a* partial sequence is only 24 to 60% identical to previ- 
ously reported a subunits, indicating that a A is a truly novel 
integrin a subunit cDNA. The a A partial sequence is more 
closely related to the cu sequence, but it is not clear wheth- 
er this implies any functional similarity between a A and a 4 . 
We identified novel cDNAs apparently encoding an integrin 
0 subunit in human and mouse lymphoma cell lines, in a 
mouse macrophage-like cell line, and in a mixed population 
of rabbit leukocytes (mostly macrophages) obtained by BAL, 
but not in the epithelial or endothelial cells we studied. Since 
the previously sequenced ft subunits are designated 0, 
through we chose to designate the novel 0 subunit as j3 7 . 
The & partial sequence is more similar to the & sequence 
(61% identical) than to any of the other known 0 subunit se- 
quences (40 to 55% identical). Additional studies using 
other methods will need to be performed in order to deter- 
mine whether 0 7 is restricted to leukocytes, as the ft sub- 
unit is thought to be. The relationship of the a A and 0 7 sub- 
units to recently discovered integrin subunits such as the 
melanoma laminin receptor a subunit (14) and the lympho- 
cyte 0, subunit (15, 16), for which no sequence data have 
been reported, cannot be determined from our data. 

We were unable to identify some of the known a and 0 
subunit cDNAs in any of the cells we studied. This may in 
part be explained by the relatively narrow cell type distribu- 
tion of some integrin subunits, including a w and 0«. The 
cells we studied may have very little or no mRNA encoding 
these integrin subunits. Further experience with the a and 
0 subunit consensus primers in a wider variety of cell types 
should help to clarify this issue. In other cases, primers may 
be ill-suited for the amplification of certain known or novel 
integrin subunits. It is likely, for example, that the A2AR 
primer will not efficiently prime synthesis of the a. or a, 
cDNAs because of a marked primer-cDNA mismatch near 
the 3' end of the primer (see Figure 1). We are not certain 
that this mismatch will prevent amplification since we have 
not yet studied cells expected to contain a M or a. with this 
primer. Another problem may arise when many different a 


or 0 subunits are expressed in the same cell: subunits that 
are less abundant or are amplified less efficiently may be 
difficult to identify. We used a technique we call '^restriction- 
reamplification* to help overcome this problem (see Results). 

The partial cDNA clones generated with PCR are valu- 
able reagents. These clones could be used directly to pro- 
duce probes to be used for studying the distribution and 
regulation of integrin mRNAs by Northern hybridization or 
in situ hybridization. The probes can also be used to screen 
cDNA libraries in order to determine full-length sequences 
(21). Novel integrin subunit sequence information could then 
be used to produce synthetic peptides or fusion proteins to 
be used as immunogens. Antibodies produced with this ap- 
proach would be used to identify and characterize the novel 
integrin subunit proteins. 

Homology PCR has several advantages compared to 
other approaches for identifying and obtaining sequence in- 
formation about novel integrin subunits. Affinity chromatog- 
raphy has been widely used as a method for identifying inte- 
grins, but some novel integrins may be difficult to identify 
with affinity chromatography because the identity of the 
ligand is unknown or because the ligand cannot be easily 
purified and immobilized in a functional state. In contrast, 
homology PCR requires no information about the ligand. 
The other major technique used for the identification of novel 
integrins has been the production of monoclonal antibodies 
to surface molecules on the cell of interest, followed fay func- 
tional screening of hybridoma cells. This technique may not 
be applicable to some integrins due to poor immunogenicity 
or to the lack of a suitable in vitro assay for functional 
screening. While this approach has been extremely produc- 
tive, it is considerably more laborious and time-consuming 
than homology PCR. The relationship of integrins identified 
with novel antibodies to previously identified integrins is not 
always clear. In contrast, since homology PCR provides par- 
tial sequence data, it should always be possible to unambigu- 
ously identify novel integrin subunits. Unlike the other two 
approaches used to identify integrins, homology PCR is well 
suited for the direct identification of integrins in BAL fluid 
cells and normal and diseased tissue as well as in cultured 
cells. 
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We have isolated cDNAs encoding the a6 subunit from a A gtll expression library from human keratinocytes 
by combined screening with a rabbit polyclonal anti-a6 antibody and the polymerase chain reaction. The a6 
subunit encoded by this cDNA consists of 1050 amino acids with a 991-amino-acid extracellular, a 23-amino-acid 
transmembrane and a 36-amino-acid cytoplasmic domain. The extracellular domain contains three putative 
divalent cation-binding sites and nine potential N-linked glycosylation sites. From a cDNA library from normal 
human mammary gland cells two different cDNAs for ot6 were isolated, one of which is identical to the above 
cDNA. The two a6 subunits, called a6A and a6B, encoded by the two cDNAs each have a unique cytoplasmic 
domain, that of a6B being 18 amino acids longer than that of a6A. 

Different carcinoma cell lines contain transcripts for both a6 subunits. K562 leukemic cells have little a6A or 
a6B mRN As. The overall level of expression varies in the carcinoma cell lines, but reflects a6 cell surface expression. 
In A375 melanoma cells, however, cell surface expression of a6 was low in spite of a high level of mRNA. This 
suggests that other mechanisms may be involved in regulating the expression of <x6 on the surface of these cells. 
The mRNA for both oc6 subunits is around 6 kb. 

The ot6 subunits are similar to other a subunits (26-31% identity with cleaved a subunits) of the integrin 
family but they are more similar to the oc3 subunit (40% identity). This high degree of similarity may be the basis 
for their functional resemblance since both a3 and a6 subunits, when associated with 01, function as laminin 
receptors and bind to the long arm of laminin. The genes for a6 and 04, the alternative 0 subunit with which a6 
combines on certain epithelial cells, were mapped to chromosome 2 and 17ql 1-qter, respectively. 


The <x601 and a604 complexes are two members of the 
large family of integrins involved in cell - cell and cell - matrix 
interactions [1, 2]. In addition, the a601 is part of the very late 
antigen (VLA) subfamily of integrins, the members of which 
have unique a subunits but share a common 01 subunit [3]. 
The a601 integrin is expressed on a variety of cell types [4, 5] 
and is involved in adhesion to laminin [6]. It specifically inter- 
acts with a site on the long arm of laminin in the elastase- 
derived fragment E8 [7, 8]. Another member of the VLA 
protein family, VLA-3, also functions as a laminin receptor 
[9] and binds to a similar region on laminin as VLA-6 [10]. 
However, VLA-3 differs from VLA-6 in that it can also bind 
to fibronectin and collagen [11], whereas VLA-6 appears to 
be specific for laminin. In addition to binding to laminin, the 


Correspondence to A. Sonnenberg, Department of Immunohe- 
matology, Central Laboratory of the Netherlands Red Cross Blood 
Transfusion Service, Plesmanlaan 1 25, NL-1066 CX Amsterdam, The 
Netherlands 

Abbreviations. VLA, very late antigen; PCR, polymerase chain 
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VLA-3 and VLA-6 integrins share many structural features. 
Both the oc3 and a6 subunits associate with the same 01 sub- 
unit, have similar molecular masses and consist of disulfide- 
linked heavy and light chains which both appear to be 
glycosylated [4, 12, 13]. Two other members of the VLA pro- 
tein family, VLA-1 [14] and VLA-2 [15, 16], which can also 
bind to laminin, are structurally only distantly related to the 
VLA-3 and VLA-6 integrins; i.e. the a subunits of VLA-1 and 
VLA-2 are single polypeptides whereas those of VLA-3 and 
VLA-6 are cleaved polypeptides. Moreover, VLA-1 has been 
shown to act as a receptor for the laminin fragment El, con- 
taining the core and short arms and proximal portions of the 
short arms of laminin [17, 18]. 

The function of a604 is not yet clear. In one study using 
colon carcinoma cells it was suggested to be a laminin receptor 
[19], but this could not be confirmed in a study using mam- 
mary tumor cells [8]. The a604 integrin has been localized on 
the basal surfaces of polarized epithelial cells [20]. This result, 
combined with the recent observation that oe604 is localized in 
hemidesmosomes of epidermal cells [21, 22], strongly suggests 
that it has an important function in the adhesion of cells to 
the extracellular matrix. 

Many a and 0 subunits [23-47] have now been sequenced 
and significant similarities have been found among the differ- 
ent a subunits as well as the 0 subunits. Both a and 0 subunits 
are transmembrane glycoproteins with relatively short cyto- 
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plasmic domains. An exception is the 04 subunit which has 
an unusually large cytoplasmic domain of around 1000 amino 
acids [42, 45]. 

In this paper we describe the cloning and sequence analysis 
of the human a6 subunit from keratinocytes and mammary 
cells. In addition, we report on alternative splicing of the a6 
mRNA and present the chromosomal localization of the a6 
and /J4 genes. After the investigations reported in this paper 
were completed, a publication appeared in which Tamura et 
al. [47] describe the cloning of a cDNA for the a6 subunit 
from pancreatic carcinoma cells. Their results and ours will 
be compared. 


MATERIALS AND METHODS 
cDNA cloning 

A phage X gtll cDNA library of human keratinocytes 
(Clontech Laboratories, Inc., Palo Alto, CA) comprising 
500000 recombinant plaques was screened with a rabbit 
polyclonal cc6 antiserum [20] using the protoblot immuno- 
screening system of Promega. Sixty positive plaques were 
selected and subjected to an additional screening by poly- 
merase chain reaction (PCR) using synthetic oligonucleotides. 
Two unique X gtl 1 primers complementary to a portion of the 
j8-galactosidase gene on the right (5'-GGTGGCGACGAC- 
TCCTGGAGACCCG-3') and left arms (5'-TTGACACCA- 
GACCAACTGGTAATG-3') of X DNA and two degenerate 
primers, a sense and antisense primer (128-fold degenerate) 
corresponding to the conserved amino acid sequence 
WKXGFFK in many a subunits, were used. The X was as- 
sumed to be a C because of the expected amino acid sequence 
similarity between the ot3 [46, 48] and a6 subunits. Each primer 
contained an additional eight nucleotides encoding a restric- 
tion enzyme site {EcoKl or Hindlll) for subcloning of the 
fragments in pUC18 plasmids. Positive clones were plaque- 
purified and the X cDNAs inserts subcloned into pUC18 vec- 
tors for restriction analysis. A cDNA library made in X gtll 
from normal human mammary cells (Clontech Laboratories, 
Inc., Palo Alto, CA) was screened with 32 P-labeled insert 
probes from oe6 cDNA clones. 


cDNA synthesis and polymerase chain reaction 

RNA (5 ug) from cell lines was isolated by the ureum/ 
lithium chloride method [49]. First strand cDNA was prepared 
with a Promega cDNA kit, using 5 \ig total cellular RNA/ 
25 ul. Distilled water was then added to 50 ul and 2.5 ul of 
the cDNA reaction was used in a 50-ul PCR containing 
50 mM KC1, 1.5 mM MgCl 2 , 10 mM Tris/HCl pH 9.0, 0.1% 
gelatin, 0.1% Triton X-100, 0.2 mM dNTPs, 160 ng primers 
and 2 U Taq polymerase. After 5 min at 94 °C, 35 cycles of 
amplification were performed in a Perkin Elmer Cetus 
thermocycler using the following conditions : denaturation for 
1 min at 94 °C, annealing for 1.5 min at 60°C and extension 
for 1.5 min at 72 °C. These 35 cycles were followed by a final 
extension for 5 min at 72 °C and shutdown at 4°C. The primers 
used for the PCR were: (a) sense primer, positions 2656 — 
2675 (5'-CTAACGGAGTCTCACAACTC-3') and (b) anti- 
sense primer, positions 3480-3499 (5'-ACTCTGAAATCA- 
GTCCTCAG-3')- Amplified DNA was analyzed on 1.25% 
agarose gels. 


Sequence analysis and similarities 

DNA sequencing was performed by the dideoxy-chain- 
termination method [50] using a modified T7 DNA poly- 
merase (Sequenase; United States Biochemical Corp., 
Cleveland, OH) and 2'-deoxyadenosine 5'-a-[ 35 S]thiotriphos- 
phate ([ 35 S]dATP[ocS]) as radioactive nucleotide. Sequences 
were obtained from one end of subcloned restriction frag- 
ments by using universal M13/pUC sequencing primers. The 
internal sequence of large fragments were obtained from oligo- 
nucleotide primers that were synthesized on the basis of the 
preceding sequence. Sequence artefacts were avoided by de- 
termining all sequences using both dGTP and the nucleotide 
deoxyinosine triphosphate (dITP) and by sequencing both 
strands of the cDNA insert. Sequence data were analyzed 
using GCG software [51]. 

Northern blot analysis 

Total cellular RNA isolated from cell lines which express 
high levels (HBL-100 and OVCAR-4), low levels (T47D and 
A375) and no (K562) a6 protein was electrophoresed in a 
1 % agarose gel containing formaldehyde and transferred to 
nitrocellulose by a standard procedure [52]. Hybridizations 
were carried out for 16 h at 64°C with 32 P-labelled insert 
probes in 3xNaCl/Cit (1 x NaCl/Cit = 0.15 M sodium 
chloride and 15 mM sodium citrate, pH 7.0) containing 10% 
dextran sulphate, 5 x Denhardt's solution (Denhardt's solu- 
tion = 0.02% polyvinylpyrrolidone, 0.02% Ficoll and 0.02% 
bovine serum albumin) and 50 |ig/ml salmon sperm DNA. 
The filters were washed once with 3xNaCl/Cit, 0.1% SDS 
for 30 min at 64 °C and twice with 2 x NaCl/Cit, 0.1% SDS 
for 30 min at 64 °C, dried and exposed to Kodak XAR-5 film 
with Dupont Cronex Lightning-Plus intensifying screens. The 
following probes were used in this study : (a) a 4.3-kb cDNA 
fragment of K134, a cDNA clone from human j54 [42]; (b) a 
2.3-kb cDNA fragment coding for the extracellular part of 
the human /?1 subunit, isolated in our laboratory from the 
same human keratinocyte library from which we cloned the 
oc6 and f$4 subunits; (c) a 600-bp fragment from clone A33, a 
cDNA clone from human <x6 (this report). 

Chromosomal localization of ql6 and p4 genes 

For our chromosomal localization studies a panel of well 
defined human-rodent somatic cell hybrids was used [53]. 
These hybrid lines were isolated after fusion of human cells, 
obtained from different donors, with rodent cell lines deficient 
in hypoxanthine phosphoribosyltransferase or thymidine 
kinase. Parental and hybrid cells were grown in HAMF10 
or RPMI-1640 medium supplemented with 2 mM glutamine, 
lOOU/ml penicillin, 100 |ig/ml streptomycin and 10% fetal 
calf serum. For the chromosomal analysis of the hybrid cell 
lines, air-dried chromosome spreads were made according to 
standard procedures [54]. Of each cell line at least 16 meta- 
phases were examined using R-banding after heat denatura- 
tion. The cells used for chromosome analysis and DNA extrac- 
tion were always derived from the same culture batch. 


RESULTS AND DISCUSSION 

Isolation of cDNA clones for in teg r in cc6 subunit 

After immunological screening and PCR analysis of a 
human keratinocyte library (see Materials and Methods), 12 
reactive clones were obtained. The longest cDNA clone which 
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Fig. 1 . Restriction map ofad cDNA clones. The open reading frame is 
shown as an open box. The solid lines indicate the size and order of 
the various cDNA clones. The 3' ends of all clones, except clone A43 
have not been characterized or sequenced and are indicated by a 
dotted line. Relevant restriction sites are EcoRl (E), Sma\ (S) and 
Bamm (B) 


is a representative of five different clones with similar insert 
sizes, and two smaller clones were plaque-purified and their 
cDNA inserts were subcloned into pUC18 (Fig. 1). Sequenc- 
ing of the three cDNA clones revealed that they were colinear 
and only differed in size. Furthermore, the sequence indicated 
typical features of a subunits: a transmembrane domain of 23 
amino acids, followed by a short cytoplasmic domain of 36 
amino acids including the GFFKR sequence common to all 
integrin a subunits. When the 60 clones were rescreened with 
a radiolabeled probe from the 5' portion of X A33, a 600-bp 
EcoKl fragment, an overlapping cDNA clone (X A43) was 
isolated that extended further in the 5' direction. This clone 
lacked the 3' portion containing the WKXGFFK sequence 
and consequently could not give a reaction product in the 
PCR. More overlapping cDNA clones were obtained by 
screening the keratinocyte X gtll cDNA library with the 
radiolabeled probes from the 5' portion of X A33. One (X A84) 
of the newly isolated cDNA clones contained the N-terminus 
of oc6 [54, 55], but lacked part of the signal peptide. An ad- 
ditional round of screening, using a 5' fragment of X A84, a 
450-bp Smal fragment, did not result in cDNA clones covering 
the entire signal peptide of a6. 

When a cDNA library from normal human mammary 
gland cells in X gtl 1 was screened using an a6 probe, again no 
clones extending further in the 5' direction were obtained. 
However, we did obtain clones (Fig. 3; Fig. 4, lanes 8-12) 
which code for two different oe6 subunits : <x6A and a6B. Partial 
sequences of the a6A clone revealed that this clone is identical 
to the oc6 cDNA identified in keratinocytes. The oc6B clone is 
a variant form of a6A with a unique cytoplasmic tail as de- 
scribed in detail below. 


Nucleotide and deduced amino acid sequence 

The nucleotide sequence and the deduced amino acid se- 
quence of oc6A are shown in Fig. 2. The mature cc6A subunit 
contains a large extracellular domain of 991 amino acids, a 
single transmembrane domain of 23 amino acids, and a short 
cytoplasmic domain of 36 amino acids. Its predicted molecular 
mass is 117111 Da. There are nine potential N-linked 
glycosylation sites (Asn-Xaa-Ser/Thr, where Xaa is not Pro) 
in the extracellular domain of oc6. If all of these sites are 
occupied with carbohydrate chains (average molecular mass 
of 2500 Da), the total molecular mass would be 139.5 kDa. 
This value is consistent with that estimated from the mobility 
of the a6 subunit on SDS/PAGE of 140 kDa [4, 20]. 


The N-terminal portion of the cc6A sequence is composed 
of seven similar repeating domains (domain I, residues 19- 
69; II, 72-129; III, 160-212; IV, 233-286; V 291-346; 
VI, 352-404; VII, 407-463). Putative divalent cation bind- 
ing sites are present in domains V, VI and VII. These sites 
have been described for all other integrin a subunits and are 
similar to the EF-hand consensus metal binding sites of a 
number of Ca 2+ and Mg 2+ binding proteins, i.e. troponin 
[56]. Only the a subunits of the fibronectin and vitronectin 
receptors, and the a subunit of the platelet glycoprotein Ilb- 
Illa complex contain a fourth potential divalent cation bind- 
ing site in domain IV. The presence of divalent cation binding 
sites is consistent with the dependence of the function of 
integrins on divalent cations. 

In the a6B sequence 1 30 nucleotides in the coding region 
for the cytoplasmic domain of a6A are deleted (Fig. 2). This 
results in a frameshift, generating a cytoplasmic domain of 54 
novel amino acids (Fig. 3), which produces an a6B subunit 
that is 2.6 kDa larger than a6A. A distinctive feature of the 
cytoplasmic domain of a6B is the high number of charged 
amino acids (24 out of 54). It is also of interest that the highly 
conserved cytoplasmic tail sequence GFFKR in all a subunits 
is still present in a6B. 

We suggest that the two cytoplasmic domains of a6A and 
a6B are contained within two separate exons and that the 
two cDNA variants are generated by alternative splicing of 
mRNA. This view is compatible with the present knowledge 
of the genomic organization of the three integrin a subunits 
studied so far, which all have an intron between the transmem- 
brane domain and the cytoplasmic tail [57 - 59]. Furthermore, 
alternative splicing of integrin a and p subunit transcripts 
appears to be quite common. This phenomenon has been 
reported for the mRNAs of at least five different integrin 
subunits [47, 57, 60-62]. 

Structural features of <x6A and <x6B 

Biosynthetic studies have indicated that the a6 subunit 
is synthesized as a single precursor which is proteolytically 
processed into heavy and light chains which are linked by 
disulfide bonding [13]. Because light chains of two different 
sizes (31 and 30 kDa) have been found in a6 preparations of 
platelets and of different cell lines, which apparently were 
not due to differences in glycosylation, it was suggested that 
cleavage of the precursor occurs at two alternative sites [20, 
63]. The oc6 sequence contains four dibasic sequences in a 
region in which cleavage may occur to yield light chains of 
the expected sizes. Two dibasic residues (positions 877 and 
879) immediately follow each other and two others are located 
downstream, towards the carboxy terminus, at a distance of 
12 (position 891) and 20 residues (position 899). A double 
dibasic residue in the same position as that in a6 has been 
found in the a3 subunit [46]. Furthermore, dibasic residues, 
separated by a single amino acid, were found in a similar 
position in allb [31] and PS2a [24], and a single dibasic cleav- 
age site was found in oc5 [23] and ocv [32]. This suggests that 
there is a primary cleavage site at this position. In addition, 
the a3 and PS2oe subunits have a second dibasic cleavage site 
possibly corresponding to the dibasic site 899 in a6. A single 
residue in this position is seen in the a subunit of GPIIb-IIIa 
and found to be responsible for cleavage of a minor proportion 
of GPIIb molecules [64], The third dibasic site at position 891 
is apparently unique to a6 and it seems possible that alterna- 
tive use of this third site and the dibasic cleavage at position 
899 yields the two light chains of different sizes. 


-17 Leucyol*uI*ul^rI*uSarAlaGlyLeulAUSer 23 

1 ctgtgcttgctctacctgtcggcggggctcctgtcccggctcggcgc^ 12 0 

24 SerLeuMaMetHiBTrpGlnI«uGlnProGluA4pX.y8ArgXAuI^ 63 

121 tcgctggccatgcac tggcaactgcagcccgaggacaagcggctgttgctcgtgggggecccgcgcggagaagcgcttccactgcagagagccaacagaacgggagggctgtacagc tge 240 

• O 

64 AapIloThrAlaArgGlyProCyaThrArglleGluPheAspAonAspAlaAspProThrS©^ l03 

241 gacatcaccgcccgggggccatgcacgcggatcgagtttgataacgatgctgaccccacgtcagaaagcaaggaagatcagtggatgggggtcaccgtccagagccaaggtccagggggc 360 

104 LyaValValThrcysAlaHisArgTyrGluLyaArgGlnHisvalAanThrLysGlnGluSerArgAspl lepheGlyArgcyaTyrva lLausarGlnAanLeuArgl leGluABpABp 143 

361 aaggtcgtgacatgtgctcaccga^atgaaaaaaggcagcatgttaatacgaagcaggaatcccgagacatctttgggcggtgttatgtcctgagtcagaatctcaggattgaagacgat 480 

o o 

1 44 itetA»pGlyGlyA»prrpS«rPhe<^aAepGlyArg^ l83 

481 atggatgggggagattggagcttttgtgatgggcgattgagaggccatgagaaatttggctcttgccageaaggtgtagcagctaettttactaaagactttcattacattgtatttgga 600 

o o 

184 jaaPrctflyThrTyrAflnTipLyBGlyUeValArgv^ 223 

60 1 gccccgggtacttataactggaaagggattgttcgtgtagagcaaaagaataacactttttttgacatgaacatctttgaagatgggccttatgaagttggtggagagactgagcatgat 720 

224 GluS*rI*uValProValProAlaAanserTyrI^uGlyPheserI^uAopS«rGlyLyoGlyIle^ 263 

72 1 gaaagtctcgttcctg^tcctgctaacagttacttaggtttttctttggactcagggaaaggtattgtttctaaagatgagatcacttttgtatctggtgctcccagagccaatcacagt 840 

• 

264 GlyAlaValvalLeulieuLyaArgAspJtetLysSarAlaBiolAULouFroGluHi^^ 303 

841 ggagccgtggttttgctgaagagagacatgaag^ctgcacatctcctccctgagcacatattcgatggagaaggtctggcctcttcatttggctatgatgtggcggtggtggacctcaac 960 

304 LyaAapGLyTrpclnAspXloValXloGlyAlaProGlnTyrPhaAspArg^ 343 

961 aaggatgggtggcaagat atagttattggagccccacagtattttgatagagatggagaagttggaggtgcagtgtatgtctacatgaaccagcaaggcagatggaataatgtgaagcca 1080 

344 IleArgl^uAanGlyThrXyaABpSerMetPhaClylleAlaValLyBABnlleClyABpIlQAan^ 383 

1081 attcgtcttaatggaaccaaagattctatgtttggcattgcagtaaaaaatattggagatattaatcaagatggctacccagatattgcagttggagctccgtatgatgacttgggaaag 1200 

384 ValPhQlleTyrHi»GlyS»rAlaAsnGlyil«AsnThrLyaProThrGlnValt^ 423 

1201 gtttttatctatcatggatctgcaaatggaataaataccaaaccaacacaggttctcaagggtatatcaccttattttggatattcaattgctggaaacatggaccttgatcgaaattcc 1320 

424 TyrProAapValAlaValGlySerl^uSerAflpSerValThrllePheArgSerArgProVallleABnlla^ 463 

1321 taccctgat gttgctgttggttccctetcagattcagtaactattttcagatcccggcctgtgattaatattcagaaaaccatcacagtaactcctaacagaattgacctccgccagaaa 1440 

464 ThrAlaCy8GLyAlaProS«rGlyXl«Cy«LeuGlnValI.yaSex^BPheGluTyrThrAlaA^ 503 

1441 acagcgtgtggggcgcctagtgggatatgcctccaggttaaatcctgttttgaatatactgctaaccccgctggttataatccttcaatatcaattgtgggcacacttgaagctgaaaaa 1560 
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504 GluArgArgLyBSerGlyl*user6arArgValGlnpheArgAanGXnGlyS«GluPro^ 543 

1561 gaaagaagaaaatctgggctatcctcaagagttcagtttcgaaaccaaggttctgagcccaaatatactcaagaactaactctgaagaggcagaaacagaaagtgtgcatggaggaaacc 1680 

o 

544 LeuTrpI^uGlriABpAsnIlGArgAQpLy8LeuArgProIleProIl«ThrAlaS©rValGluIleGlnGluProSerserAxgArgArgValA»nSorI^uProGluVolLeuProlle $83 

1681 ctgtggctacaggataatatcagagataaactgcgtcccattcccataactgcctcagtggagatccaagagccaagctctcgtaggcgagtgaattcacttccagaagttcttccaatt IB 00 

584 i^uAansarAapGluP^oLysThrAlaHiBllaAapValHiBPhel^uLysGluGlyCyaclyA 6 23 

1801 ctgaattcagatgaacccaagaeagetcatattgatgttcacttcttaaaagagggatgtggagacgacaatgtatgtaacagcaaccttaaactagaatataaattttgcacccgagaa 19 20 

o o o 

624 GlyAanGlnAspLyBPheSerTyrl^uFroIleGlnLyeGlyValProGluLeuvall^ 663 

1921 ggaaatcaagacaaattttcttatttaccaattcaaaaaggtgtaccagaactagttctaaaagatcagaaggatattgctttagaaataacagtgacaaacagcccttccaacccaagg 204 0 

664 AanproThrLysABpGlyAapAspAlaHiaGluAlaLyaLeuxleAlaThrPheProAapThrLeuThrTyrSerAlaTyrAxgGluLeuAxgAlaPheProGluLysGlnLeuserCys 7 03 

2041 aatcccacaaaagatggcgatgacgcccatgaggctaaactgattgcaacgtttccagacactttaacctattctgcatatagagaactgagggctttccctgagaaacagttgagttgt 2160 

o 

704 valAlaAonGlnAanGlyserGlnAlaAapCyBGluLeuGlyAanProPheLyaArgAanSer 743 

2161 gttgccaaccagaatggctcgcaagctgactgtgagctcggaaatccttttaaacgaaattcaaatgtcactttttatttggttttaagtacaactgaagtcacctttgacaccccagat 2280 
• o • 

744 L«uABpIleAaM*ul,yBl*uGluThrThrSerABnGlnAspAflnl*uAlaPr^^ 7 83 

2281 ctggatattaatctgaagttagaaacaacaagcaatcaagataatttggctccaattacagctaaagcaaaagtggttattgaactgcttttatcggtctcgggagttgctaaaccttcc 24 00 

784 GlnValTyrPhoGlyGlyThrValValGlyGluGlnAlaMetLyaSerGluAepGluValGlySerLeulleGluTyj^luPheArgValll 823 

2401 caggtgtattttggaggtacagttgttggcgagcaagctatgaaatctgaagatgaagtgggaagtttaatagagtatgaattcagggtaataaacttaggtaaacctcttacaaacctc 2520 

824 GlyThrAlaThxx^uAanXleGlnTrpProLyaGluX laser AanGlyLyBTrpLeuiAUTyrX^uVa 86 3 

2521 ggcacagcaaccttgaacattcagtggccaaaagaaattagcaatgggaaatggttgctttatttggtgaaagtagaatccaaaggattggaaaaggtaacttgtgagccacaaaaggag 2640 

o 

864 IleABnserl^uABnl^uThrGluSarHiaABnSerArgLyiLyBArgGluI 903 

2641 ataaactccctgaacctaacggagtctcacaactcaagaaagaaacgggaaattactgaaaaacagatagatgataacagaaaattttctttatttgctgaaagaaaataccagactctt 2760 

11 1 1 

904 AanCy»SerValAanValA8nCyoVolA8nIleArgCyoProLeuArgGlyLeuAapS«rLy»AlflSorLoulleLeuArgSorArgLeuTrpAanSerThrPhoLeuGluGluTyrSGr 9 43 

2761 aactgtagcgtgaacgtgaactgtgtgaacatcagatgcccgctgcgggggctggacagcaaggcgtctcttattttgcgctcgaggttatggaacagcacatttctagaggaatattcc 2880 
• O O o • 

944 X«yaI*uAsnTyrLeuAspXleI*uMotAxgAlaPheXleAapValThrAlaAlaAlaGluAsnXleArgLeu^ 983 

2881 aaactgaaetaettggacattctcatgcgagccttcattgatgtgactgctgctgccgaaaatatcaggctgccaaatgcaggcactcaggttcgagtgactgtgtttccctcaaagact 3000 

984 val*laGlnTyrSerGlyvalProTrpTrpIlall«L«uValAlailal*uAlaGlylleLauHetLe 1023 

3001 gtagetcagtattcgggagtaccttggtggatcatcctagtggetattctcgctgggatcttgatgcttgetttattagtgXttatactatggaagltgtggtttcttcaagagaaataag 3120 

1024 LyaAapHiBTyrAapAlaThrTyrHisLyaAlaGluXleHiaAlaGlnProSerABpLyaGluArgLeuThrsarAspAla 1050 

3121 aaagatcattatgatgccacatalcacaaggctgagatccatgctcagccatctgataaagagaggcttacttct.gatgcatagtattgatctacttctgtaattg|tgtggattctttaa 3240 

3241 acgctctaggtacgatgacagtgttccccgataccatgctgtaaggatccggaaagaagagcgagagatcaaagatgaaaagtatattgataaccttgaaaaaaaacagtggatcacaaa 3360 

3361 gtggaacagaaatgaaagctactcatagcgggggcctaaaaaaaaaaaa(aaaa)tgcttcacag^acccaaactgctttttccaactcagaaattcaatttggatttaaaagcctgctc 3474 

3475 aatccctgaggactgatttcagagtgactacacaca 3510 

Fig. 2. The cDNA sequence and deduced amino acid sequence of human %6A subunit. The beginning of the mature protein is indicated by an 
arrow. The cysteine residues are marked by open circles and the potential N -linked glycosylation sites by closed circles. The position of the 
transmembrane region (dashed line) and the putative divalent cation-binding sites (solid line) are indicated. Arrowheads denote the position 
of the possible dibasic cleavage sites of heavy and light chains of a6. The deletion of 130 nucleotides found in cDNAs coding for 26B is 
indicated between brackets 
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Fig. 3. Schematic representation of ol6A anda6B cDNAs. The open reading frames (large and small boxes) are shown with the following regions 
indicated: the signal peptide (box with horizontal lines); three putative divalent cation binding domains (boxes with obliqued lines); potential 
dibasic cleavage sites (vertical lines) and the transmembrane region (darkened box). Thin black lines indicate untranslated sequences. The 5' 
ends of the two a6 cDNAs including signal peptide have not been cloned and are indicated by a dotted line. The nine potential glycosylation 
sites are indicated by triangles. The deduced amino acid sequence (single-letter code) of the cytoplasmic regions are shown at the bottom of 
the figure 
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Fig. 4. Detection by PCR amplification of mRNA transcripts coding 
for the ct6A and <x6B variants. PCR was performed on cDNA 
synthesized A375 (lane 1), HBL100 (lane 2), K562 (lane 3), OVCAR- 
4 (lane 4) and T47D (lane 5) cell lines, on total phage DNA from 
keratinocyle (lane 6) and mammary cell (lane 7) libraries and on phage 
DNA from five clones that were selected from the mammary cell 
library by screening with a radiolabeled oc6 cDN A probe (lanes 8 - 
12). Primers 1 and 2 (see Materials and Methods) were used in all 
PCR reactions. The PCR products for a6A and <x6B from HBL-100 
cDNA were subcloned and sequenced. The two sequences appeared 
to be identical to those from the a6A and a6B cDNA clones isolated 
from the mammary cell library in X gtll. The PCR products were 
separated on t.25% agarose gels and stained with ethidium bromide 


However, the two different a6 subunit cDNAs offer an 
alternative explanation for the two a.6 light chains isolated 
from platelets and different cell lines [20]. PCR analysis 
showed that in A375, HBL-100, T47D and OVCAR-4 cells, 
cDNAs for both a6A and a6B are indeed present (Fig. 4). In 
all cell lines, a third PCR product migrating slightly faster 
than the A variant is also observed. A cDNA clone corre- 
sponding to this PCR product has as yet not been found in 
either the keratinocyte or the normal mammary cell libraries. 
Therefore, it still remains to be established whether this PCR 
product corresponds to yet another a6 splice variant or 
whether it is an artifact of the PCR technique. The possibility 
that contaminating genomic DNA was the source for the third 
PCR product, however, can be ruled out because (a) the PCR 
product remained detectable when poly(A)-rich RNA was 
used for synthesis of cDNA and (b) no PCR product was 
obtained when the reverse transcriptase reaction was omitted. 

The a6 light chain encoded by the two cDNAs (<x6A and 
a6B) contains three cysteines in identical positions as those in 


other a subunits which are thought to be involved in the 
covalent binding of the light chain to the heavy chain. Further- 
more, the sequence of the light chain of both <x6 subunits 
contains two possible N-linked glycosylation sites, which is in 
agreement with previous studies on the glycosylation of the 
cc6 light chain [4, 20, 63]. 

Shaw et al. [65] reported that in macrophages treated with 
4/?-phorbol 12-myristate 13-acetate the cytoplasmic domain 
of the oc6 subunit is phosphorylated, possibly at a serine or 
threonine residue. Although it is not known which ct6 variant 
is expressed by macrophages, both ot6 subunits have several 
serine and threonine residues in their cytoplasmic domains 
which may be targets for phosphorylation. It may be note- 
worthy that the a3 subunit is phosphorylated on serine resi- 
dues [12] and that serine 1041 in oc6A and its surrounding 
sequences are conserved in oc3 and oc6A. In addition, the cyto- 
plasmic domains of a6A and a6B contain several tyrosine 
residues that could serve as potential phosphorylation sites. 

Comparison with other a subunits 

Comparison of the sequences of the two a6 subunits with 
those of other integrin a subunits shows that they are most 
similar to hamster a3 (40% identical). This similarity is most 
evident in the repeating domains V (54.5%), VI (58.5%) and 
VII (55.4% identical). For cc6A, there is also considerable 
similarity with a3 in the cytoplasmic domain; 20 out of 36 
residues are shared. This finding is remarkable because in 
general there is little similarity between the cytoplasmic do- 
mains of different a subunits. It may indicate functional simi- 
larity. Overall identities between «6 and other cleaved subunits 
are 31% for ct5, 29% for ocv and 26% for allB. Of the 20 
cysteines in a6, 18 can be aligned with cysteines in the four 
cleaved a subunits. 

Because both a3 and oc6 integrins bind to laminin and may 
even recognize the same site on laminin, located in the E8 
fragment on the long arm of laminin [7, 8, 10], we searched 
for sequences that are shared by these two subunits and, for 
example, were not present in a5. The a5 of sequence was 
chosen for comparison because the oc5 integrin has a clearly 
different ligand specificity from that of the a6 integrin but, like 
oc6, associates with 01 and is composed of two polypeptides. In 
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Fig. 5, Alignment of the %6A protein sequence with other integrin % subunits. The a6A sequence is compared to hamster a3 [46] and human a5 
integrin subunit sequences [23, 27]. Amino acids identical between the a6A subunit and either of the two a subunit sequences are indicated by 
inverse printing. The three divalent cation binding sites are underlined. The cysteines residues conserved among the three a subunits sequences 
are marked by an asterisk (*) 


the aligned sequences (Fig. 5), 211 amino acids were found to 
be exclusively shared by the a3 and a6A subunits. A region 
located between two cysteines (residues 714 — 858) contained 
44 of these exclusively shared amino acids. The number of 
exclusively shared residues between oc6 and oc3 is considerably 
higher than that between cc6 and oc5: 17 residues exclusively 
shared. Furthermore, the exclusively shared amino acids be- 
tween a6 and a5 appear not to be specifically concentrated in 
the region between cysteines 714 — 8 58, as is the case for a3 and 


<x6. A possible involvement of this region in ligand binding, 
however, should be investigated in further studies using site- 
directed mutagenesis. 

The deduced amino acid sequence of a6 from pancreatic 
carcinoma cells reported by Tamura et al. [47] is similar to 
that of <x6A except at three positions (55, 300 and 743). At one 
of these positions (amino acid 55), we established the presence 
of a potential glycosylation site, which is also conserved in the 
sequence of the a3 subunit. This is also true for the amino 
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Fig. 6. Northern blot analysis. Total RNA (10 ng/lane) from A375, 
HBL-100, K562, OVCAR-4 and T47D cell lines was electropho- 
rctically separated on 1% agarose/formaldehyde gels, transferred to 
nitrocellulose filters and probed with 32 P-labeled cDNAs encoding 
the a6 (A), 04 (B), and 01 subunits (C) 


Table 1 . Correlation between the presence or absence of human 
chromosome and the p4 gene in 21 human-rodent somatic cell hybrids 
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fl One hybrid containing an iso-17q chromosome was not in- 
cluded. 


acid found by us at position 743. The basis for these different 
findings is not clear, but one possibility is that they reflect 
polymorphisms of the a6 gene. 

Northern blot analysis 

Northern blot analysis, performed with an a6 probe which 
detects both a6A and a6B of cells which contain cDNAs for 
these two different subunits (see Fig. 3), revealed a single 


Table 2. Correlation between the presence or absence of human 
chromosome and the ol6 gene in 34 human-rodent somatic cell hybrids 
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mRNA of 6 kb. Apparently, in our Northern blots the differ- 
ent sizes of a6A and oc6B (i.e. 1 30 nucleotides) is not detectable. 
The mRNA is strongly expressed by HBL-100, OVCAR-4 
and A375 cells and weakly by T47D cells. In K562 leukemic 
cells, expression of a6 mRNA could not be detected, although 
the PCR showed the presence of a few a6A and a6B tran- 
scripts. Hybridization of the same blot with a 01 cDNA probe 
showed strong expression of this subunit in all five cell lines. 
In contrast, the levels of /?4 mRNA were high in HBL-100 
and T47D cells, extremely low in OVCAR-4 and A375, while 
no 04 mRNA was detectable in K562 cells. Control hybridiza- 
tion with glyceraldehyde-phosphate dehydrogenase showed 
no variation in expression (not shown). With the exception of 
A375 cells, on whose surface oc6 is weakly expressed but whose 
a6 mRNA levels are high, the RNA expression data are con- 
sistent with the known cell-surface expression of a6/?l and 
a6/?4 complexes on these cells [8, 20]. Although the mechanism 
responsible for the difference between cell surface and a6 
mRNA expression in A375 cells is not known, it indicates 
that, in addition to the level of mRNA, other mechanisms 
can be involved in regulating the expression of oc6 at the cell 
surface. 

Chromosomal localization of u.6 and fi4 

To determine the chromosomal localization of the a6 and 
P4 genes, the respective cDNA inserts were hybridized to 
panels of human — mouse or human — hamster cell lines con- 
taining various subsets of human chromosomes (Tables 1 and 
2). The score of 0% discordancy (/74; Table 1) indicates that 
positive hybridizing fragments were detected in all cell lines 
retaining human chromosome 17 and not in any of the lines 
lacking this chromosome. For all other chromosomes a dis- 
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cordancy score of at least 33% was observed. From this result 
we conclude that the 04 gene must be located on human 
chromosome 17. One cell line had retained only part of 
chromosome 17 (in the form of an isochromosome 17q) and 
showed a positive signal with the 04 probe used. This indicates 
that the 04 gene is present on 17q. In order to refine its 
localization further, two hybrid cell lines, obtained after fusion 
of t(15,17) (q22;qll) positive acute promyelocytic leukemia 
cells with a murine cell line containing either of the reciprocal 
translocation products in the absence of a normal 17, were 
used [66]. Hybrid C73/PJT2A1, containing the 15q + deriva- 
tive of the translocation was positive, whereas hybrid P12.3B6, 
containing the 17q derivative was negative. From this we 
conclude that the 04 gene maps to the qll-qter region of 
human chromosome 17. A discordancy score of 3% was 
obtained for the ot6 gene and chromosome 2 (Table 2). Again, 
for all other human chromosomes discordancy scores were 
invariably higher, which indicates that the a6 gene resides on 
chromosome 2. One discordant hybrid clone showed a positive 
signal with the oe6 probe but was cytogenetically scored nega- 
tive for chromosome 2. Possibly, a rearrangement of this 
chromosome has occurred during or after cell fusion, which 
has hampered its identification. This phenomenon is fre- 
quently observed in somatic cell hybrids. The genes for oc6 and 
04 are physically close to the genes of three other integrin 
subunits, the a and 0 subunits of the GPIIb-IIla complex, 
which have been mapped to 17q21-23, and the vitronectin 
receptor a subunit which has been assigned to chromosome 2 
[67]. The oc3 subunit is also located on chromosome 17, but has 
not been localized further [68]. Thus, genes encoding various 
integrin subunits appear to be located on human chromo- 
somes 2 and 17, respectively. 
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Abstract The integrin family of adhesion receptors 
consists of several heterodimeric glycoproteins, each 
composed of one a and one 0 subunit. A novel inte- 
grin a subunit partial cDNA isolated from TGF-j3 
stimulated guinea pig airway epithelial cells has previ- 
ously been reported (Erie, D. I, D. Sheppard, J. 
Bruess, C. Ruegg, and R. Pytela. 1991. Am. J. Respir. 
Cell MoL Biol 5:170-177). We have now determined 
cDNA and amino acid sequence for the human homo- 
log of this subunit, named a9, from a human lung 
cDNA library, a human small intestine cDNA library, 
and cDNA from the cell lines U937, HL-60 and 
Tera-2. This sequence is predicted to encode a 1006- 
amino acid mature protein that shares 39% identity 


with the previously identified integrin subunit a4. By 
Northern blot analysis, a9 mRNA was detected in the 
human carcinoma cell lines Tera-2 and Caco-2. 
Anti-peptide antibodies against the predicted COOH- 
terminal sequence of o9 immunoprecipitated a hetero- 
dimer (140 kD/115 YD nonreduced; 150 kD/130 kD 
reduced) from Tera-2 lysates. Immunodepletion of j31- 
containing integrins with Tera-2 lysates removed a9 
immunoreactivity, suggesting that jSl is the principal 0 
subunit partner for a9 in these cells. a9 was detected 
fay immunohistochemistry in airway epithelium, in the 
basal layer of squamous epithelium, and in smooth 
muscle, skeletal muscle, and hepatocytes. 


The integrins are a large family of cell surface glyco- 
proteins that mediate cell-cell and cell-matrix adhe- 
sion (21). All known members of this family are het- 
erodimers consisting of an a and a 0 subunit that bind non- 
covalently to each other. Published reports suggest the exis- 
tence of 8 P subunits (01-/J8) (2, 12, 14, 20, 26, 30, 32, 34, 
37, 40, 41) and 16 a subunits (2-5, 9, 10, 13, 16, 23, 25, 28, 
33, 38, 39, 42-47). 13 of these have been completely se- 
quenced (a l-or8, c*v, aM, aL, aX, allb). The existence of 
aflEL and aLRI has been established on the protein level. 
We have previously reported identification of partial integrin 
or subunit cDNA sequences using degenerate oligonucleo- 
tide primer pairs and the PCR (13). Primers were designed 
based on two highly conserved regions, separated by 72- 
92-amino acid residues, located within the fifth and sixth 
repeated domains of the previously reported integrin a 
subunits. PCR amplification of cDNA using these primers 
resulted in the identification of several integrin a subunit 
partial cDNAs. From guinea pig airway epithelial cells six 
different sequences were identified. Five of these were 88 to 
92% identical to the sequences of al-a3, a5 and orv from 
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other species and were presumed to encode the guinea pig 
homologs of those subunits. One of the amplified sequences 
was only 24-60% identical to previously reported a sub- 
units. This novel cDNA was predicted to encode a 71-amino 
acid fragment of an integrin a subunit, provisionally desig- 
nated aA. We now report the predicted coding sequence of 
the human homolog of this novel subunit. We have identified 
mRNA encoding this subunit and the corresponding protein 
in two cell lines, including the human teratoma cell line 
Tera-2, and demonstrate that this a subunit associates prin- 
cipally with the integrin 01 subunit in these cells. Based on 
the convention of sequentially numbering newly identified 
partners of /SI , we have called this a subunit a9. We also 
demonstrate wide distribution of a9 in epithelia, smooth 
muscle, skeletal muscle, and hepatocytes. 

Materials and Methods 

Cell Lines, RNA Purification, andcDNA Synthesis 

ATCC human cell lines were maintained in DME (HeLa, Tera-2, Caco-2,) 
or RPMI 1640 media (U937, HL-60, Raji, HuT 78, MOLT-4) contain- 
ing 10% FBS. Media were obtained from BioWhittaker, Inc. (Vtalkers- 
ville, MD). 

mRNA was isolated from resected human lung tissue using the Fast 
Track mRNA isolation kit (Invitrogen, San Diego. CA). Total cellular RNA 
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was isolated using the LiCl/Urea method (12). Single-stranded cDNA was 
synthesized at 44°C for 1 h from 1 to 5 pg of mRNA or 20-40 fig of total 
RNA using the Superscript cDNA Synthesis System (GEBCO-BRL, 
Gaithersburg, MD) and random DNA hexamers. In some cases cDNA was 
synthesized as above using a previously described sequence tagged random 
DNA hexamer primer (CGAGGGGGATGGTCGACGGAAGCGACC- 
NNNNNNT) (15). 

Amplification and Purification of Lambda 
Library DNA 

Aliquots of Xgtll libraries containing 1-5 million plaque forming units were 
mixed with 500 jd of LE392 bacteria (OD - 0.5) in SM buffer (100 mM 
NaCl, 8 mM MgS0 4 , 50 mM THs-HCl. pH 74 Oj01% gelatin), incubated 
15 min at 37°C, and shaken at 250 rpm overnight at 37°C in Luria broth 
containing 10 mM MgCl 2 and 0.2% maltose. The cultures were incubated 
at 37°C and 250 rpm for 30 min with 5% chloroform. Aliquots of the aque- 
ous layer were subjected to three cycles of 3 min in dry ice/ethanol followed 
by 3 min at 90°C, phenol/chloroform extraction, and precipitation with 
ethanol. 

PCR Amplification 

PCR reactions were performed in 25-200 pi reaction volumes and con- 
tained 1 x Thq buffer (Promega, Corp., Madison, WD with 1.5 mM 
MgCfe, (XI fiM each of two primers, 0U025 U/jd Thq Polymerase (Promega 
Corp.). 1-8 ^1 of DNA template, and (XI mM each of dATP, dGTP, dCTP, 
and dTTP. Reactions were heated to 94°C for 4 min in a thermocycler 
(ERicoMP, Inc. » San Diego, CA) and then subjected to 30 cycles of PCR fol- 
lowed by 10 min at 72 °C. Reactions that contained degenerate oligonucleo- 
tide primers were subjected to PCR cycles consisting of 45 s at 94°C, 45 s 
at 48 or 53°C, and 45 s at 72°C Reactions that contained of9-specific primer 
pairs designed to amplify DNA fragments less than 750 nucleotides were 
subjected to PCR cycles consisting of 45 s at 94°C, 45 s at 57°C, and 60 s 
at 72 °C. Reactions that contained an a9-specific primer, a XgUl-gpecific 
primer (XgaiF: COCCXnCGACXXj^^ or 
XgtllR: CCTTXXjTCGACTnaACACCAG^ and puri- 

fied concentrated total library DNA were subjected to PCR cycles consist- 
ing of 45 s ai94°C, 45 s at 60°C, and 120 s at72°C All other PCR reactions 
were subjected to cycles consisting of 45 s at 94°C, 45 s at 57°C and 120 s 
at 72°C. Products of each PCR reaction were analyzed by agarose gel elec- 
trophoresis using standard or low gel temperature agarose. 

PCR reactions designed to amplify 3' sequence from sequence tagged 
cDNA, described above, contained a9-specific forward primers and 
primers complementary to the sequence tagged random hexamer (GAT- 
GGTCGACGGAAGCGAAC or CGWGGGGGATCGTCGACGG) and were 
performed as above. 

Cloning of DNA Fragments 

Restriction-digested DNA fragments were isolated on low gel temperature 
agarose and purified by phenol/chloroform extraction and ethanol precipita- 
tion. Fragments were ligated into restriction-digested, dephosphorylated 
pBluescript vector (Stratagene, La Jolla, CA) with T4 DNA ligase (GIBCO- 
BRL). The ligation mixture was used to transform competent Escherichia 
coli (JM-109; Clontech, Palo Alto, CA). Selected plasmids were purified 
from liquid cultures using the Pharmacia miniprep lysis kit (Pharmacia Fine 
Chemicals/LKB, Pleasant Hill, CA) and sequenced using Sequenase 2.0 
(United States Biochemical Corporation, Cleveland, OH), 33 S-dATP 
(Amersham Corp., Arlington Heights, IL), T3 primer, T7 primer, and a 
variety of primers specific for ot9. 

Library Screening 

Partial cDNA fragments were used as templates for the random-primed syn- 
thesis of [ 32 P]dCTP-labeIed probes (multiprime DNA labeling system; 
Amersham Corp.). These probes were used to screen an oligo-dT-primed 
Xgtll cDNA library from human lung tissue including trachea and bronchi- 
oles (catalog No. HL 1066b; Clontech) and a mixed random and oligcndT 
primed Xgtll cDNA library from human small intestine tissue (catalog No. 
HL1133b; Clontech). Hybridizations were performed at 50°C for 16 h in 
hybridization buffer (40% formamide, 50 mM sodium phosphate, pH 6.5, 
800 mM NaCl, 0.05% polyvinylpyrrolidone, 005% BSA, 0.05% ficoll, 
1 mM EDTA, 0,1% SDS, and 10 ng/ml heat-denatured, sonicated salmon 
sperm DNA). Filters were washed twice in lx SSC containing G.1% SDS 
for 5 min at room temperature, and once in 0.5 X SSC containing 0.1% SDS 


for 1 b at 50°C and exposed to film for 18 h at -80°C with intensifying 
screens. Positive library clones were isolated by further rounds of screen- 
ing, and the inserts were isolated either by PCR amplification using Xgtll- 
specific primers or by EcoRI digestion of purified phage DNA. The inserts 
were then subcloned into EcoRI-digested pBluescript and sequenced. 

Northern Blot Analysis 

Total cellular RNA was electrophoresed through a formamide-agarose gel 
and transferred to a nylon membrane (Hybond-N; Amersham Corp.). Ra- 
diolabeled probe was synthesized from 2.1 kbof a9 sequence using the Mul- 
tiprime Labeling System (Amersham Corp.) and pPJdCTP. Filters were 
incubated at 50°C for 16 h in hybridization buffer containing 5 X SSC, 40% 
formamide, 20 mM Iris, pH 7.5, 0.1% polyvinylpyrrolidone, 0.1% BSA, 
0.1% ficoll, 10% dextran sulfate, and 100 /ig/ml heat-denatured, sonicated 
salmon sperm DNA, and washed in 5x SSC containing ai% SDS at 50°C 
for 30 min. After washing, filters were exposed to film at -80°C with an 
intensifying screen. 

Antibodies and Immunoprecipitations 

Polyclonal antiserum was generated against the a9 peptide CRKENEDSW- 
DWVQKQ. Peptide synthesis, conjugation to KLH, and injection of rabbits 
was performed by Imraunodynamics, Inc. (La Jolla, CA). a9 antibodies 
were affinity purified from crude antiserum on a peptide-lysozyme-Affigel 
column as follows. Affigel-10 slurry (4-ml bed volume) (Bio Rad Labs., 
Richmond, CA) was washed three times with cold 10 mM sodium acetate, 
pH 4.S; rinsed once with Oil M potassium phosphate, pH 7.5; mixed with 
100 mg lysozyme (Sigma Immunochemicals, St. Louis, MO) in 8 ml 0.1 M 
potassium phosphate, pH 7.5, for 2 h at room temperature; washed twice 
with 0.1 M potassium phosphate, pH 7.5; mixed with 8 ml 0.2 M ethanola- 
mine, pH 8.0, for 2 h at room temperature; and washed three times with 
PBS. Lysozyme-Affigel (600-pl bed volume) was washed with 005 M so- 
dium phosphate, pH 8.0; mixed with 2.5 mg sulfb-m-maleimidobenzoyl-rV- 
hydroxysuccinimide ester (Pierce Chemicals, Rockford, IL) in 1 ml 0j05 M 
sodium phosphate, pH &0, for 30 min at room temperature; washed with 
0.05 M sodium phosphate; pH 8,0; mixed with 3 mg a9 peptide in 500 pi 
0.05 M sodium phosphate, pH 84 for 3 h at room temperature; and washed 
with (a) 0.05 M sodium phosphate, pH 7.0, {b) 200 mM glycine, pH 1.5, 
(c) 0.05 M sodium phosphate, pH 7.0, (d) 8 M urea, and finally («) (X05 M 
sodium phosphate, pH 7.0. 5-10-ml aliquots of antiserum were mixed with 
the peptide-lysozyme-Affigel overnight at 4°C. The slurry was transferred 
to a column and washed with 0,05 M sodium phosphate, pH 7.0, until the 
OD 280 of the wash buffer was less than 0.01. Antibodies were eluted in 
1.25-ml fractions with 200 mM glycine, pH 1.5, and collected in tubes con- 
taining 250 ft\ 1 M sodium phosphate, pH 8.0. Pooled fractions were ana- 
lyzed overnight at 4°C against PBS containing 002% azide. 

mAb P5D2 (1 1) directed against the 01 integrin subunit was a gift from 
Elizabeth Wyner (University of Minnesota, Minneapolis, MN). mAb 
R6G9 directed against the 06 integrin subunit was generated in our labo- 
ratory. For some experiments antibodies were cross linked to protein 
A-Sepharose with din^etrrylpirnelirriidate (17). 

Cells were surface labeled with [ t25 I], lysed in immunoprecipitation 
buffer (100 mM Tris-HCl, pH 7.5, 0.1% SDS, 1% Triton X-100, (M% NP- 
40, and 300 mM NaCl), and inirnunoprecipitated by standard techniques. 
Samples were analyzed by SDS-PAGE on 7.5% aery 1 amide gels and ex- 
posed to film at -80°C with intensifying screens. 

Tissue Staining 

Frozen sections (5 pm) of tissue were fixed in either 2 % paraformaldehyde 
(mouse tissue) at room temperature or in -18°C acetone (human tissue) 
for 5 min and subsequently rinsed in PBS. Sections were blocked for endog- 
enous peroxidase activity with Peraxobiock Solution (Zymed Laboratories, 
Inc. , South San Francisco, CA) for 45 s at room temperature. After rinsing, 
sections were preblocked with 0.5% casein/0.05% thimerosal/PBS for 15 
min at room temperature and then incubated overnight at 4°C in primary 
antibody (1:200 in 0.5% casein/0.05% thimerosal/PBS) that either was or 
was not preincubated with Oil mg/ml a9 peptide for 30 min at 4°C. After 
rinsing in PBS, sections were incubated in either biotinylated donkey 
anti-rabbit secondary antibody (Amersham Corp.) at a dilution of 1:200 or 
peroxidase-conjugated goat anti-rabbit secondary antibody (vector Labora- 
tories, Buriingame, CA) at a dilution of 1:250 for 1 h at room temperature 
in 0.5% casein/0X)5 % thimerosal/PBS. Sections incubated with biotinylated 
secondary antibodies were then rinsed and incubated in ABC avidin/peroxi- 
dase reagent (vector Laboratories) for 1 h at room temperature. Chromagen 
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was developed using the DAB Plus Kit from Zymcd Laboratories. Reactions 
were monitored until suitable color development was achieved. The signal 
was enhanced with 0.5% nickel chloride, and the sections were rinsed in 
distilled water. Sections were subsequently air dried and then mounted with 
Pennount (Fisher Scientific, Pittsburgh, R\) onto clean slides. 

Protein Sequencing 

Human uterine tissue was homogenized in immunoprecipitation buffer and 
cleared by centrifugatton at 200 g. The supernatant was incubated with 
affinity-purified cr9 anti -cytoplasmic peptide antiserum cross-linked to pro- 
tein ArSepharose CL4B (Pharmacia Fine Chemicals, Piscataway, NJ) over- 
night at 4°C The beads were then washed extensively with immunoprecipi- 
tation buffer and heated to 95°C for 5 min in 2% SDS, 300 mM 
2-mercaptoethanol, 80 mM Iris, pH 6A The supernatant was concentrated 
on a Centricon-10 Concentrator (Amicon, Beverly, MA), subjected to 7.5 % 
SDS-IWGE, transferred to PVDF membrane (Bio Rad Labs. Hercules, CA) 
for 3 h at 50 V in 10 mM 3KcyclohexylaininoH*pTOpanesulfonic acid, pH 
11/10% methanol, and quantified by staining with 01% Coomassie blue 
R-250 in 40% methanol/1% acetic acid. A prominent band at 150 kD 
was microsequenced by the USCF Biomedical Resource Center (San Fran- 
cisco, CA). 


Results 

Cloning and Sequencing of Human a9 

A novel 223-nucleotide partial guinea pig integrin a subunit 
cDNA (aA) was previously reported by Erie et al. (13). lb 
obtain the corresponding human sequence of the novel 
subunit, we used the previously described degenerate inte- 
grin a subunit forward primer (A14F: CGGAATTCGGIG- 
A(AG)CAG(AC)TIG(CG)I-(GT)CIGA(CT)TT(CT)GG), a 
degenerate reverse primer based on the oA sequence 
(AN2R: CAAGTCGACAA(AG)TGIGC(AG)TT(GC)TA- 
IGCIC(GT)(AG)TC), and cDNA made from human lung tis- 
sue. A band of the predicted size (204 nucleotides) was ob- 
tained (data not shown), subcloned into pBluescript, and 
sequenced. The resulting nucleotide sequence was 88% 
identical to the sequence of guinea pig aA and 39-54 % iden- 
tical to other known human integrin a subunits. For reasons 
discussed later, we have named this novel human integrin 
subunit cx9. 

The 204-nucleotide a9 cDNA fragment was used to 
screen a human lung cDNA library. One hybridizing clone, 
LI (Fig. 1), was identified, purified, subcloned and se- 
quenced. This 1,678-bp clone contained a 1,123-nucleotide 
open reading frame that included the probe sequence. 

We were able to amplify a9 from cDNA from leukocyte 
cell lines U937 (clones U1-U3) and HL-60 (HI) by PGR 
using a9-specific primers, lb isolate additional sequence 
from these cell lines, we used a previously described 3'- 
sequence extension technique (15) which employs PCR. One 
clone from HL-60 cDNA, H2, and one clone from U937 
cDNA, U4, obtained fay this method contained 117 nucleo- 
tides of a9 sequence. 

PCR was performed on amplified purified human lung 
cDNA library DNA using a9-specific forward oligonucleo- 
tide primers and Xgtll-specific primers (XgtllF and XgtllR). 
Individual bands were isolated, reamplified, subcloned, and 
sequenced. One clone, L2a, consisted of 300 nucleotides of 
a9 sequence. Glone L2a was used as a probe for screening 
the human lung library and one hybridizing clone, L2b, was 
isolated, purified, subcloned, and sequenced. Both clone 
L2a and clone L2b ended at nucleotide 1817, suggesting that 
clones L2a and L2b represented the same library clone. 


PRESUMED 
ATQ 
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Figure L Map of or9 sequencing strategy. Shown are the location 
of clones used to obtain the partial sequence of human o9. Internal 
sequence was obtained by use of specific ct9 sequencing primers 
(dashes) and by generating restriction fragments at sites shown. 
The clone labeled original PCR clone was obtained from human 
lung cDNA using homology based PCR. Clones labeled U and 12 
were obtained from a human lung cDNA library. Clones labeled 
U1-U4 were obtained by PCR from U937 cDNA. Clones HI and 
H2 were obtained by PCR from HL-60 cDNA. Clones labeled Dl- 
D6 were obtained from a human small intestine cDNA library. 
Clones labeled 77-73 were obtained by PCR from Tera-2 cDNA. 
The direction and extent of sequencing are indicated with arrows. 
All reported sequence was sequenced completely in both directions 
from at least two independent clones. Noncoding sequences found 
on the 5' end of clones U (555 bp), D3 (108 bp), and D6 (M200 
bp) are not indicated on the map. 


We screened a human duodenal cDNA library with probes 
from clones LI and L2. 12 independent hybridizing clones 
were identified, isolated, subcloned, and analyzed. Six of 
these were determined to contain additional a9 cDNA and 
were sequenced (D1-D6). D2 and D6 contained a predicted 
transmembrane domain, cytoplasmic domain, and transla- 
tion stop codon. D6 also had an additional 1.1 kb, 3' of the 
stop codon, which did not extend to the poly(A) tail. 

Tb complete the a9 sequence, a9 protein was purified 
from human uterus using anti-cr9 antiserum, described later, 
and microsequenced. The amino terminal sequence was 
equivocally determined to be YNLD(T/P)(Q/E). A series of 
degenerate forward oligonucleotide PCR primers were de- 
signed based upon these possible amino-terminaJ sequences. 
PCR amplifications were performed using each of the de- 
generate forward primers paired with a9-specific reverse oli- 
gonucleotide primers and Tera-2 cDNA (data not shown). 
Reactions using a degenerate forward primer based upon the 
sequence YNLDPQ and two different a9-specific reverse 
primers resulted in intense bands which were cloned and se- 
quenced (T1-T3). 

We have sequenced 3,139 nucleotides (Fig. 2) of a9 cDNA 
that contains a 3,000-nucleotide open reading frame that in- 
cludes a termination signal but lacks an initiation codon. 
Based on this cDNA sequence and the amino terminal se- 
quence we obtained, we predict the mature a9 protein to be 
1,006 amino acids in length with a 947-amino acid extracel- 
lular domain, a 26-amino acid transmembrane domain, and 
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Figure 2. Human integrin a9 cDNA sequence and deduced amino 
acid sequence. The amino acid sequence is shown in one-letter code 
below die first nucleotide of each codon. The putative transmem- 
brane domain is shown by a double underline. Asparagine residues 
(N) that are potential sites for N-glycosylation are indicated by dot- 
ted underline. Conserved putative metal binding domain are indi- 
cated by a single underline. Nucleotide 36 was determined to be 
A from some clones and G from others (indicated by a G in paren- 
theses above the nucleotide location). Nucleotide 2974 was C in 
some clones and A in others. None of these nucleotide variations 
changed the deduced amino acid sequence. This sequence data is 
available from EMBL/GenBank/DDBJ under accession number 
L24158. 


a 33-amino acid cytoplasmic domain. o9 has 12 asparagine 
residues that are potential N-glycosylation sites (NXT/S). 

The Relationship ofa9 to Other Integrin a Subunits 

Comparison of o*9 to the general structure of integrin a 
subunits is indicated in Fig. 3 A. The consensus structure in- 
cludes: a large NH 2 terminal extracellular domain contain- 
ing seven conserved repeats (four partial and three complete 
putative metal binding domains) and in some cases the I do- 
main, an insertion of approximately 200 amino acids, a sin- 
gle transmembrane-spanning domain, and a short COOH- 
terminal cytoplasmic domain. Some subunits are cleaved 
into two disulfide-linked fragments near the transmembrane 
domain (18). a9 contains the seven conserved repeats found 
in all known integrin a subunits. a9 does not contain an I 
domain nor is it cleaved. The cytoplasmic domain of or9, as 
with all a subunits, contains the highly conserved sequence 
GFF(R/K)R. 

Sequence, structural, and functional relationships be- 
tween the integrin or subunits are shown in Fig. 3 B. The inte- 
grin a subunit family has three distinct subfamilies. The first 
subfamily consists of the seven a subunits that undergo cleav- 


Figure 3. Comparison of a9 to other human integrin a subunits. 
(A) The predicted structure of a9 is shown schematically compared 
to the consensus structure of a subunits, with the NHj-tennini on 
the left. Conserved sequence repeats are indicated by black boxes 
numbered 1-7. The three conserved repeats that represent complete 
putative metal binding domains are labeled M1-M3. The I domain 
present in some subunits is indicated between conserved repeats 2 
and 3. The cleavage site present in some subunits is indicated near 
the transmembrane domain by 5-5. The transmembrane domain is 
indicated with TM. (B) The sequence similarity between all the 
previously reported human integrin a subunits is indicated by tree 
diagram (reference 21). The percent amino acid identity between 
a9 and each human integrin a subunit for which the sequence has 
been published in indicated parenthetically next to that subunit. 
Three subfamilies can be differentiated based on structural and 
functional features that correlate with sequence homologies: (a) 
subunits which are cleaved into two disulfide-linked fragments are 
involved in binding to the long arm of laminin or binding to RGD 
sequences present in certain extracellular matrix proteins, (b) sub- 
units which contain the I domain are involved in binding to collagen 
and the cross region of laminin or to IgG superfamily members, and 
(c) other subunits (a4 and a9) which neither exhibit the conserved 
cleavage pattern nor contain the I domain. 


age near the transmembrane domain. The second subfamily 
includes the five a subunits that contain an I domain. The 
third subfamily consists of g4, which contains neither the 1 
domain nor undergoes cleavage yielding disulfide-linked 
fragments. The deduced partial amino acid sequence of a9 
is 39% identical to the integrin a4 subunit sequence and 
18-22% identical to the other known human integrin a 
subunit sequences. Based on its sequence and structural 
similarity to a4, a9 is clearly a member of the third integrin 
a subunit subfamily. 

Fig. 4 shows the alignment of the predicted a9 amino acid 
sequence with a4. All 23 cysteine residues found in a9 align 
with those found in c*4 (a4 contains one additional cysteine), 
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Figure 4, Alignment of o9 with its closest integrin a subunit rela- 
tive, a4. The deduced amino acid sequences of human a9 and 
guinea pig aA inference 13) and the previously reported sequence 
of the mature form of a4 (reference 46) are shown aligned using 
the one-letter amino acid code. Cysteine residues conserved be- 
tween a9 and ct4 are indicated by an asterisk (*). The conserved 
metal binding repeats common to all integrin a subunits are under- 
lined. The predicted transmembrane domains are indicated by dou- 
ble underline. The cleavage site in cr4 (++), between Arg558 and 
Ser559, is not present in «9. 


including the 19 cysteines generally found in integrin a sub- 
units. o4 contains a cleavage site following Lys557-Aig558 
which is absent in a9. 

ct9 Is Expressed by Teratoma and Colon Carcinoma 
Cetts and Forms a Heterodimer with 01 

To demonstrate expression of a9 mRNA and to identify cell 
lines that express a9, Northern blots were performed. Total 
RNA was isolated from a variety of cell lines and analyzed 
by Northern blotting with a 2.1-kb a9 cDNA probe (Fig. 5). 
This probe hybridized with an ^.O-kb mRNA band (size 
markers not shown) that was present in two of the cell lines 
tested, i.e., Tera-2, and Caco-2 cells (Lanes 1 and 2). The 
smaller band may represent partially degraded a9 mRNA. 
Alternatively, a second a9 mRNA species derived by alter- 
native splicing or an alternative polyadenylation signal may 
be present in these cells. Tera-2 cells are derived from an em- 
bryonal carcinoma, and Caco-2 cells from a colon carci- 


Figure 5. Identification of a9 
mRNA by Northern blot anal- 
ysis. Total RNA (30-40 jig/ 
lane) isolated from human 
cell lines Caco-2 (lane /), 
Tera-2 (lane 2), HeLa (lane 
J), Raji (lane 4\ HuT 78 
(lane 5), MOLT-4 (lane 6*), 
and HL-60 (lane 7) was 
probed for ot9 mRNA using 
2.1 kb of 32 P-labelled a9 
cDNA. The positions of the 
28- and 18-S ribosomal bands 
are indicated on the left. 
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Figure d Alignment of integrin a subunit cytoplasmic domains. 
The COOH-tenninal cytoplasmic sequences of the known human 
integrin a subunits are shown (references 2, 5, 9, 10, 28, 33 f 39, 
42-45). The amino acid sequence of the peptide used for produc- 
tion of o9-specific rabbit antiserum is underlined and labeled ct9 
Peptide. 


noma. The carcinoma-derived cell line HeLa (lane 3) and the 
leukocyteKlerived cell lines Raji, HuT 78, MOLT-4, and HL- 
60 (lanes 4-7) were negative for expression of a9, as were 
cell lines U937 (histiocytic lymphoma), K-562 (chronic my- 
elogenous leukemia), Daudi (Burkitfs lymphoma), AN3CA 
(endometrial carcinoma), and JEG-3 (choriocarcinoma) 
(data not shown). 

The sequences of the cytoplasmic domains of the known 
vertebrate integrin a subunits are shown in Fig. 6. It is evi- 
dent that the a9 cytoplasmic domain is distinct from all other 
subunits, except for very limited similarity to the c*4 cyto- 
plasmic domain. A 15-amino acid a9 peptide (underlined in 
Fig. 6) with an additional cysteine residue at the NH 2 ter- 
minus was used to generate polyclonal rabbit antiserum 
which was subsequently affinity purified on the same peptide 
coupled to Sepharose. The sequence of this peptide is dis- 
tinct from the cytoplasmic domain sequences of the other a 
subunits, except for a foree-amino acid identity (DSW) with 
c<4. Cross-reactivity of the anti-a9 peptide serum with a4 or 
any other known a subunit is unlikely. 

Immunoprecipitations were performed on surface labeled 
Tera-2 lysate with ct9 antiserum or with a MAb against the 
integrin 01 subunit. The immunoprecipitates were analyzed 
by SDS-PAGE under reducing and nonreducing conditions 
(Fig. 7). Immunoprecipitation with anti-01 yielded major 


Figure 7. Immunoprecipi- 
tation of o(9- and 01-contain- 
ing integrins from lysates of 
Tera-2 cells. Aliquots of ,25 1- 
surfece-labeled lysates from 
Tera-2 cells were immunopre- 
cipitated with a monoclonal 
anti-01 antibody (lanes 1 and 
4) , affinity purified polyclonal 
antiserum raised against a 
portion of the cytoplasmic do- 
main of o9 (lanes 2 and 5), 
and preimmune serum (lanes 
3 and 6). The proteins were 
analyzed by SDS-PAGE under 
nonreducing (lanes 7-5) and 
reducing (lanes 4-6) conditions followed by autoradiography. The 
positions of molecular size markers (in kD) are shown to the right. 
10-fbld less lysate was used in the 01 immunoprecipitation than in 
the or9 or preimmune serum immunoprecipitations. 
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FigureS. Immunodepletion of 
01 containing integrins. Ali- 
quote of m I-surfkce-labeled 
lysates from lfera-2 cells were 
subjected to four rounds of 
inununoprecipitation with an 
anti-/91 monoclonal antibody 
or an anti-06 mAb cross- 
linked to protein A-Sepha- 
rose. The resulting superna- 
tants were immunoprecipi- 
tated with affinity purified a9 
polyclonal antiserum. The 
immunoprecipitated material 
(anti-01 first round immuno- 
precipitate, lane /; anti-01 
followed by a9 antiserum, 
lane 2; anti-06 followed by or9 antiserum, lane J) was analyzed by 
SDS-PAGE under nonreducing conditions followed by autoradiog- 
raphy. The positions of molecular size markers (in kD) are shown 
to the right. 


nonreduced bands at 140 and 115 kD and a minor band at 
180 kD (lane 7). These bands changed upon reduction to 
190, 150, and 130kD (lane 4)..o9 antiserum immunoprecip- 
itated a heterodimer consisting of 140 and 115 kD subunits 
nonreduced (lane 2) and 150 and" 130 kD subunits reduced 
(lane 5). The upper band migrated with the same apparent 
molecular mass as several other previously reported integrin 
a subunits (19). The lower band migrated with the same ap- 
parent molecular mass as 01 (19). The band present in a9 
immunoprecipitations at 110 kD is also present in im- 
munoprecipitations using preimmune serum (lanes 3 and 6), 
and hence is nonspecific. 

lb determine if (31 was a |3 subunit partner for a9, Tera-2 
lysates were subjected to four rounds of immunodepletion 
with either anti-j31 or anti-06 antibody followed by immuno- 
precipitation with affinity purified ot9 antiserum. The results 
(Fig. 8) show that ot9 could not be immunoprecipitated from 
lysate depleted of 01 (lane 2). Immunodepletion with the 
anti-06 antibody (lane 5) did not interfere with subsequent 
precipitation of or9, demonstrating that nonspecific loss of a9 
does not occur during multiple rounds of immunodepletion. 
These results suggest that 01 is the predominant 0 subunit 
partner for ot9 in Tera-2 cells. This justifies our terminology, 
following the convention of sequentially numbering the a 
subunit partners of 01. 

a9 Is Widely Distributed in Normal Tissues 

Because a9 was initially isolated from airway epithelial cell 
cDNA, we attempted to identify a9 in human airway tissue 
by immunohistochemistry. Fig. 9 A, shows a human airway 
biopsy section, including epithelium and submucosa, stained 
with hematoxylin. a9 antiserum intensely stained the airway 
epithelium (£). When the antiserum was incubated with a9 
peptide prior to tissue staining, staining of the epithelium 
was substantially blocked (C). 


Because we were able to detect a9 immunoreactivity in 
airway tissue, we examined the expression of a9 in other tis- 
sues. Sections of mouse tissue were stained with hematoxy- 
lin (Fig. 9, D, G, and J) o9 antiserum (£, H, and K), or «9 
antiserum preblocked with o9 peptide (F, /, and L) . In mouse 
esophagus (D-F), the basal layer of the epithelium (arrow) 
was stained by a9 antiserum. Skeletal muscle (M) present 
in this section also showed oc9 immunoreactivity. In mouse 
small intestine (G-I) both the longitudinal and circumferen- 
tial smooth muscle layers (SAf ) reacted with the a9 antise- 
rum. Hepatocytes in the liver (/, K, and I) demonstrate cell 
surface localization of a9. A variety of other mouse tissues 
were analyzed for the presence of a9. Table I summarizes 
these results. The tracheal epithelium; basal epithelium of 
the larynx, pharynx, esophagus, skin, and cornea; smooth 
muscle of trachea, veins, duodenum, colon, stomach, and 
esophagus; skeletal muscle; hepatocytes; and splenic giant 
cells all demonstrated a9 immunoreactivity. In all of these 
cases, staining was blocked by incubation of the cr9 antise- 
rum with of9 peptide prior to tissue staining. 

Discussion 

This report presents three novel findings. First, we present 
the complete amino acid sequence, deduced from cDNA and 
amino terminal sequencing, of a new member of the human 
integrin a subunit family, a9. Second, we demonstrate that 
a9 forms an integrin heterodimer with the known 0 subunit, 
01. Third, we show that oc9 is expressed in a variety of cell 
types in vivo including airway epithelial cells, the basal 
layers of squamous epithelium, smooth muscle, skeletal 
muscle, and hepatocytes. 

Comparison of the deduced amino acid sequence of <*9 
with the previously published sequences of human integrin 
a subunits clearly demonstrates that this protein is a member 
of the integrin a subunit family. a9 has high sequence ho- 
mology with other human integrin a subunits and has pre- 
dicted structural features common to the integrin a subunits 
including (a) a large extracellular domain containing four 
partial and three complete metal binding domains, 19 con- 
sensus cysteine residues, and several potential N-glycosyla- 
tion sites, (b) a single transmembrane spanning domain, and 
(c) a short cytoplasmic domain containing the sequence 
GFF(K/R)R. Although o9 is the only human integrin a 
subunit to have the alternative sequence GFFRR, chicken a3 
contains GFFRR (22). Both variations of this sequence are 
also found in the DNA binding domain of the members of 
the steroid hormone receptor superfamily (29). The func- 
tional significance of this sequence is not known, although 
it has been reported that a GFFKR-containing peptide can 
interact with the Ro/SS-A antigen (calreticulin) (35). 

There are reports of four other integrin or subunits for 
which the human sequence has not been published. We do 
not believe that any of these four are identical to the subunit 
we describe based on the following evidence. The integrin 
subunits al and a8 have been cloned from other species, and 


Figure 9. Immunohistochemical localization of oe9. Frozen sections of human airway biopsies (A-C) and mouse esophagus {D-F) f duode- 
num (G-I), and liver (J-L) were stained with hematoxylin (A, D f G t 7), with oc9 antiserum (fi, E y H t K), or with o9 antiserum preincubated 
with cr9 peptide (C, F y I, L). The a9 antiserum specifically stained airway epithelium, esophageal skeletal muscle (Af) and basal cells 
of the squamous epithelium (arrow), duodenal smooth muscle (SM) t and hepatocytes. 
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Table L Immunohistochemical Localization of a9 
in Mouse Tissue 


Tissue 

o9 expression 

Distribution 

Trachea 

+ 

cputiciiuin, sxnooui inuscie 

Larynx 


jNuoi cpiiucuum 

Esopnugus 


Basal epithelium, smooth muscle 

Skeletal muscle 

+ 

MOID&Cu 

+ 

Smooth muscle 



kJiiivAJui muscic 

dun 


Basal keratinocytes 

Cornea 

+ 

Basal epithelium 

Veins 


Smooth muscle 

Aorta 



Pancreas 

+ 


Liver 


Hepatocytes 

Heart 

+ 


Spleen 


Giant cells only (rare) 


the resulting sequences have less than 21% amino acid iden- 
tity to c*9 (4, 38). Partial cDNA sequences of the human 
homologs of al and a8 are clearly distinct from the a9 se- 
quence (our unpublished observations). Both of the subunits 
of a novel integrin expressed on activated leukocytes, termed 
the leukocyte response integrin, have different electropho- 
retic mobilities than does o/9 (16). The previously identified 
HML-1 antigen is an integrin composed of a novel a subunit, 
otlEL, paired with 07 (7, 25, 47). The HML-1 antigen has 
been detected in intraepithelial lymphocytes and a subset of 
lymphocytes located in the submucosal layer of the intestine 
(8), whereas a9 was not detected in either the intestinal epi- 
thelial layer or submucosa. 

We screened several cell lines by Northern blotting for ex- 
pression of of9 and identified two cell lines, Tera-2 and Caco- 
2, that expressed significant levels of a9 mRNA. Immuno- 
precipitation of lysates from these cell lines with o9 
anti-peptide antiserum precipitated a heterodimer consist- 
ing of a larger subunit of similar size to many other a sub- 
units and a smaller subunit that comigrated with ffl (Caco-2 
data not shown). Immunodepletion of ffl from Tera-2 lysates 
removed all detectable a9 immunoreactivity, suggesting that 
j31 is the principal ff subunit partner for a9 in these cells. 
This increases the number of a subunits known to associate 
with 01 to 10. Three of these a subunits (av, a4, and a6) 
can also form heterodimers with other j3 subunits. We cannot 
exclude the possibility that c& is expressed in low abundance 
with another j3 subunit in Tera-2 cells or that a9 has other 
j3 subunit partners in other cell lines or in vivo. 

The closest known relative of the cx9 subunit is the cA 
subunit. oj9 and a4 share 39% amino acid identity and are 
both equally divergent from the other known a subunits. 
Consistent with their similarity, «9, like a4, is not composed 
of two disulfide-linked fragments and does not contain an I 
domain. Integrin a subunits generally demonstrate low 
correlation of sequence similarity with tissue distribution. 
Therefore, even though «9 and c*4 are closely related, we 
would not necessarily expect them to have similar expression 
patterns. o4 was first identified on leukocytes (19) and has 
more recently been shown to be expressed on endothelial 
cells (31) and in developing, but not adult, skeletal muscle 
(36). In contrast, oc9 was detected in adult skeletal and 


smooth muscle and in a subset of epithelial cells and is not 
generally expressed in lymphocytes or in endothelium. Al- 
though a9 was detected by PCR in two leukocyte cell lines, 
it could not be detected by Northern blotting in these cells. 
The overwhelming majority of lymphocytes present in sec- 
tions of mouse spleen did not stain with the a9 antibody. 
However, rare, splenic giant cells did demonstrate a9 im- 
munoreactivity, suggesting that o/9 may be expressed in at 
least some leukocytes in vivo. 

Our results show widespread expression of a9 in vivo. In 
airway epithelium and the basal layer of squamous epithe- 
lium, o9 appears to be distributed at cell-cell borders as well 
as at cellular contacts with basement membrane. In smooth 
muscle, skeletal muscle, and hepatocytes, a9 appears to be 
uniformly distributed over the cell surface. In these tissues, 
o9 is expressed diffusely at sites of homotypic cell to cell 
contact in cells that are not actively involved in spreading, 
migration, or any other obvious dynamic interaction with the 
extracellular matrix. These results suggest that a9 may be in- 
volved in homotypic cell-cell interactions. Although inte- 
grins are not generally thought to be involved in homotypic 
cell-cell adhesion in non-leukocyte cells, localization of 
integrins to cell-cell contacts has been shown for alffl in 
bronchial epithelial cells (1), cultured keratinocytes (6), and 
endothelial cells (27); for a30l in bronchial epithelial cells 
(1), cultured keratinocytes (6), and a variety of transformed 
cell lines (24); and for aSffl in endothelial cells (27). Fur- 
thermore, contacts between cultured keratinocytes have been 
shown to be disrupted by antibodies directed against a3)8l 
and ffl (6) . Mediation of cellular cohesion by integrins could 
result from direct binding of integrins to counter-receptors 
present on adjacent cells or by neighboring cells jointly bind- 
ing to extracellular matrix proteins deposited in the intercel- 
lular space. 

The results of this study demonstrate the existence of a 
previously unrecognized member of the integrin family that 
is widely expressed in vivo in differentiated cells that are not 
actively involved in migration, proliferation, or heterotypic 
interactions with other cells. These data suggest that this 
integrin may function in some aspect of normal tissue cohe- 
sion or homeostasis. More definitive functional character- 
ization will require identification of the ligand or iigands for 
this receptor and the development of reagents that spe- 
cifically interfere with its function. 
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Summary 

The leukocyte-restricted p2 (CD18) Irrtogrins mediate 
cell adhesion In a variety of events essential lor normal 
immune function. Despite extensive research In this 
field, only three members of this Integrln subfamily 
have been described: C011a7CO18 (LFA-1), C011b/ 
CD18 (Mac-1), and CD11c/CD18 (p 150,95). We have 
Identified a cDNA encoding a fourth a chain, ad, that 
associates with CD18. The ad subunit Is more closely 
related to CD11b and C011c than to CO 11a. This In- 
tegrln is expressed at moderate levels on myelo- 
monocytic cell lines and subsets of peripheral blood 
leukocytes, and more strongly on tissue-compart- 
mentalized cells such as foam ceils, specialized mac- 
rophages found In aortic fatty streaks that may develop 
into atherosclerotic lesions. The ad/CD18 molecule 
exhibits preferential recognition of ICAM-3 over 
ICAM-1. 

Introduction 

The integrins are a family of heterodimeric membrane- 
bound glycoproteins that mediate homotypic and hetero- 
typic cell-cell adhesion in a broad range of biological con- 
texts (Hynes, 1992; Larson and Springer, 1990). A 
subfamily of integrins expressed in leukocytes is defined 
by a common beta chain, 02 (CD18), that pairs with a 
distinct subgroup of a chains (Hynes, 1987). These a 
chains contain a region of approximately 200 aa residues, 
designated the I (inserted) or A domain, that shares struc- 
tural homology to ligand-binding domains in Von Wille- 
brand factor and other proteins (Larson and Springer, 
1990; Michishita et al., 1993; Lee et al., 1995) and has 
recently been implicated in ligand recognition (Landis et 
al., 1993; Diamond et al., 1993; Randi and Mogg, 1994; 
Zhou et al., 1994). The leukointegrins are critical to im- 
mune function: absence of CD18 cell surface expression 
in patients with leukocyte adhesion deficiency (LAD) re- 
sults in impairment of a variety of immune functions, in- 
cluding neutrophil transendothelial migration, macrophage 
oxidative burst and phagocytosis, and lymphocyte prolifer- 
ation (Springer et al., 1984; Anderson and Springer, 1987). 


To date, the leukointegrin subfamily includes CDlla/ 
CD18, CD11b/CD18, and CD11C/CD18, also known as 
LFA-1 , Mac-1 , and p1 50,95, respectively (Kishimoto et al., 
1987; Corbi et al., 1987, 1988; Larson et al., 1989). LFA-1 
cell surface expression is constitutive on a broad range 
of leukocytes, while expression of Mac-1 and p1 50,95 is 
more restricted and inducible by inflammatory mediators 
(Larson and Springer, 1990). LFA-1 and Mac-1 mediate 
cell-cell contact by interacting with the intercellular adhe- 
sion molecules (ICAMs), immunoglobulin superfamily 
members (Hynes, 1992; Larson and Springer, 1990). 
Whereas both LFA-1 and Mac-1 bind to ICAM-1, only 
LFA-1 has been demonstrated to bind to ICAM-3. ICAM-3 
is highly expressed on resting lymphocytes and its linkage 
to intracellular signal transduction pathways contributes 
to lymphocyte activation (Vives, 1994). Here, we report 
the identification of a novel fourth leukointegrin a chain, 
ad, that contains an I or A domain and is most homologous 
to Mac-1 and pi 50,95. The ad protein is expressed on 
myelomonocytic cell lines in a pattern distinct from that 
of CD1 1 b and CD1 1 c. This molecule is expressed predom- 
inantly in splenic red pulp on macrophages and granulo- 
cytic cells in an overlapping but nonidentical pattern with 
the other leukointegrin a chains. The protein can be de- 
tected at low levels relative to CD1 1 a and CD1 1 b on sub- 
sets of peripheral blood cells. In addition, it is present on 
lipid laden macrophages in aortic fatty streaks. This a 
chain forms a heterodimer with 02 that binds ICAM-3 but 
not ICAM-1 when expressed in Chinese hamster ovary 
(CHO) cells. 

Results and Discussion 

For analyses of 02 integrin function in the dog, Daniienko 
et al. (1992) generated a panel of monoclonal antibodies 
(MAbs) against canine CD18 complexes. Interestingly, 
one of these canine-specific antibodies recognized a 
CD18-associated protein with histologic distribution and 
apparent molecular weight distinct from that of the known 
leukointegrins (Daniienko et al., 1995). The expression 
pattern of this molecule was restricted mainly to tissues 
and differed from the distribution of CDl1b and CD11C. 
Amino-terminal sequence derived from this a chain indi- 
cated leukointegrin homology; however, this protein could 
not be defined as the distinct product of a novel gene 
since no sequence information regarding canine CD11a, 
CD1 1 b, or CD1 1c was available for comparison. A priori, 
these findings might also be explained by celt-type specific 
mRNA splicing, posttranstational modification, or unex- 
pected pairing of CD18 with known integrin a chains from 
other subfamilies. 

We presumed that DNA fragments amplified from ca- 
nine cDNA could be used in cross-species hybridizations 
to identify a human homolog, thus permitting direct com- 
parisons with known a subunits. We obtained peptide se- 
quences for polymerase chain reaction (PCR) primer de- 
sign from fragmentation of the ad protein isolated from 
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canine spleen. Degenerate oligonucleotides based on 2 
of 9 peptides sequenced were used as primers in a PGR 
with canine splenic cONA to amplify a 1 kb DNA fragment. 
This fragment was used as a probe to identify a homolo- 
gous clone (19A2) In a human spleen cDNA library under 
stringent hybridization conditions. Although no exact 
matches with any sequence in the National Center for Bio- 
technology Information databases were found, sequence 
homologies to the known leukolntegrin a chains sug- 
gested that the protein encoded by done 1 9A2 belonged 
to this integrin subfamily. This clone appears to share se- 
quence homology with a partial genomic clone identified 
independently (D. Wong, personal communication). We 
have designated this previously unidentified a chain ad. 

As shown in Figure 1, clone 19A2 encompasses the 
entire coding region for the mature protein, including 13 
residues of leader sequence. Two additional clones have 
been isolated and used to confirm this sequence and to 
indicate that a methionine precedes the 19A2 leader se- 
quence. The putative amino acid sequence shares greater 
identity to CD1 1b (60%) and CD1 1c (66%) than to CD1 1a 
(36%). The molecular mass of the mature core protein 
is predicted to be 125 kDa with an extracellular domain 
encompassing 1084 residues followed by a hydrophobic 
23-residue potential transmembrane domain and a 38- 
residue cytoplasmic tail. There are eleven potential N-iinked 
glycosylation sites. The seven homologous internal re- 
peats observed in CD11a, CD11b, and CD11c are also 
conserved in ad. 

Also present in ad is a 204-residue segment homolo- 
gous to the I or A domain recently implicated in ligand 
recognition (Landis et al., 1993; Diamond et al., 1993; 
Randi and Hogg, 1 994; Edwards et al., 1 995). The I domain 
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Figure 1. Amino Acid Sequence of the ad Subunlt 
Leader sequence is denoted by lowercase letters. Additional cONA 
clones have confirmed the single methionine preceding the leader 
sequence from done 19A2. Homologous internal repeats are labeled 
with roman numerals at their amino-termina) ends. The i domain Is 
underlined. Putative cation binding sites are indicated in bold letters; 
the MIDAS motif Is Included in the first cation binding site. Potential 
N-linked gfycosytatton sites are underlined. The transmembrane do- 
main, denoted by carets, immediately precedes the cytoplasmic do- 
main. The cytoplasmic KLGFFKR motif Is In italics. The nucleotide 
sequence of clone 1 9A2 can be obtained from the Qenbank database 
(accession number U37028). 
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Figure 2. ad Forms a Heterodlmer with 62, 
CD 18 

Heterodimeric complexes immurtoprecipitated 
from fysates of biotinylated od/C018 CHO 
transfectants with either ad- or CD18-specffic 
MAb were visualized with peroxidase- 
conjugated strepavidln. Lane 1 , ad/CD 18 CHO 
plus mouse IgG; lane 2. ad/CD 18 CHO plus 
TS1/18; lane 3, ad/CDl8 CHO plus 169A. Cell 
surface expression of CD18 required cotrans- 
fection of the ad cDNA: transient transections 
of the B chain construct alone did not result In 
detectable CD1B expression by flow cytometry 
and in immunoprecipitation experiments (data 
not shown). 


CD18 
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amino acid sequence is 36%, 62%, and 57% identical to 
the same regions in CD 11 a, CO 11b, and CD1 1c, respec- 
tively, ad also contains identical residues defined in the 
I domain of CD11b as a metal ion-dependent adhesion 
site (MIDAS) necessary for ligand binding (Michishita et 
al., 1993, Lee et al., 1995), as well as three additional 
cation binding sites conserved in leukointegrin a subunits. 
There is similarity between the peptide sequences from 
CD11b, which have been demonstrated to interact with 
complement component IC3b (Ueda, et at., 1994) and the 
homologous region in ad. The moderate level of sequence 
conservation in these regions suggests that while ad may 
share ligands with the known leukointegrins, it may also 
recognize distinct cell surface or extracellular matrix pro- 
teins. 

The cytoplasmic domains of integrin a subunits are im- 
plicated in integrin activation. These domains are typically 
unrelated to one another, but conserved across species. 
The putative cytoplasmic sequence of ad differs markedly 
from that of CD1 1a, CD1 1 b, and CD1 1c (10%, 16%, and 
1 6% identity, respectively), except for the membrane prox- 
imal KXGFFKR motif, conserved among all a integrins, 
that is involved in affinity regulation from the cytoplasmic 
side, or inside-out signaling (Ginsberg et al., 1992, Rojiani 
et al., 1991). Engagement of ad, even in a similar cellular 
context as other leukointegrins, may involve interactions 
with a distinct subset of cytosolic proteins and may have 
functional consequences specific to ad. 

Cotransfection of the cDNAs encoding ad and CD18 
into CHO cells resulted in cell surface expression of a 
heterodimeric molecule, both chains of which were immu- 
noprecipttated by either anti-CD18 or anti-ad MAb (Fig- 
ure 2). 

The ad-specific MAb used in this experiment was gener- 
ated from mice injected with CD18 complexes isolated 
from human splenic lysates predeared of CD11a and 
CD11b. Supernatants from resulting immunoglobulin G 
(lgG)-secreting hybridomas were screened by flow cytom- 
etry for reactivity with ad/CD 1 8 CHO transfectants but not 
with JY cells, which had been previously determined by 
Northern blot analysis to be ad negative. The lgG1 anti- 
body secreted by clone 169A was determined to be specifi- 
cally reactive with ad only by flow cytometric analysis of 
stable ad/CD1 8, CD1 1 a/CD1 8, CD1 1 b/CD 1 8, and CD1 1 c/ 
CD18 CHO transfectants (Table 1, stable transfectants). 
This antibody was not observed to have inhibitory activity 
in the functional assays presented here. 

To ascertain cell-type expression of ad and its relation- 
ship to expression of other leukointegrins, the presence 
of ad protein on human lymphoid and myefomonocytic cell 
lines and on freshly isolated peripheral blood leukocytes 
(PBLs) was evaluated by flow cytometry using the MAb 
169A and compared with expression of CD11a, CD11b, 
and CD11C (Table 1). ad expression is modulated with 
differentiation of the myeloid cell lines HL60 and THP-1 
(Table 1 , cell lines). DMSO treatment, which induces gran- 
ulocyte differentiation in the promyelomonocytic line HL60 
(Collins, 1987) did not affect the percent of cells positive 
for ad, which was expressed on more cells than CD11c 
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both before and after treatment. However, phorbol myris- 
tate acetate (PMA) stimulation of both HL60 and THP-1 
cells along a macrophage-like differentiation pathway re- 
sulted in increased CD1 1b and CD1 1c expression levels, 
with a corresponding reduction in percent positive for ad. 
The majority of peripheral blood lymphocytes express low 
levels of ad relative to CD1 1 a and CD1 1 b (Table 1 , PBL); 
these patterns do not vary significantly among donors. 
Granulocytes were also observed to express ad, although 
at significantly lower levels than CD11b. Expression ap- 
peared to increase rapidly on granulocytes with PMA or 
f-Met Leu-Phe (fMLP) stimulation, consistent with recruit- 
ment of an intracellular pool of ad in these cells. Thus, 
levels of ad expression may differ from that of CD11a, 
CD1 1b, or CD1 1c depending on the cell type and activa- 
tion or differentiation state. 

Comparative expression of the previously identified leu- 
kointegrin a chains and ad was assessed by immunohis- 
tology in the spleen because of the highly ordered struc- 
ture of the lymphoid domains and the presence of diverse 
cell types. The overall pattern of ad distribution in the red 
pulp of spleen was overlapping with but not identical to 
that of CDlla, CD 11b, and CD11c (Figure 3). Whereas 
CD1 1 a was diffusely expressed by leukocytes in all splenic 
domains, including lymphoid domains of the white pulp 
and marginal zone and cords and sinuses of the red pulp, 
CD 11b, CD11c, and ad expression patterns were more 
restricted. CD1 1 b staining was prominent on granulocytes 
in the red putp cords and sinuses. CD1 1c was expressed 
by dendritic cells in the periarterial lymphoid sheaths, mar- 
ginal zones, and follicles of the white pulp. The distribution 
of ad was predominantly localized to the red pulp cords 
and sinuses on small and large mononuclear ceils and 
granulocytes. Expression of ad in the white pulp was lim- 
ited to scattered dendritic cells occurring less frequently 
than CD11c + cells. Although relative intensity of splenic 
integrin staining appeared to vary among three tissue do- 
nors (data not shown), probably owing to differences in 
age, health, or mortality factors, the distribution patterns 
did not vary. 

A preliminary evaluation of ad expression in pathologic 
tissue with macrophage-specific etiology was performed 
using sections of abdominal aorta selected for the inci- 
dence of fatty streaks, which histologically consisted of 
subintimal infiltrates of smaller leukocytes and aggregates 
of foamy macrophages (Pathobiological Determinants of 
Atherosclerosis in Youth (PDAYJ Research Group). These 
highly specialized macrophages are implicated in the es- 
tablishment of subintimal aortic fatty streaks, which may 
progress to f ulm inant atherosclerotic lesions (Ross, 1 993). 
Foamy macrophages can be identified in fatty streaks by 
detection of ingested lipid with the Oil Red O stain and 
differentiated from lipid-containing smooth muscle cells 
by specific markers. In the Oil Red O-positive sections 
we examined, a subset of the large tipid-laden cells reac- 
tive with an antibody to CD68, a macrophage-specific 
marker, expressed moderate levels of ad (Figure 3). These 
cells were not stained by an antibody to smooth muscle 
actin, confirming that the ad+ foam cells were not of 


smooth muscle origin (data not shown). In addition, these 
macrophage-like cells did not stain with CD3, CDS, or 
CD20 antibodies (data not shown). Double-labeled aortic 
sections confirm a significant overlap of CD68 and ad 
staining. The ad-specific antibody did not react with aortic 
sections that were Oil Red O negative (data not shown). 

Typically, the leukocyte integrins promote cell-cell con- 
tact by binding to the intercellular adhesion molecules 
(ICAMs) (Hynes, 1992; Larson and Springer, 1990). Solu- 
ble forms of ICAM-1 and ICAM-3 have been observed in 
serum with increased levels in certain pathologic condi- 
tions (Martin et a!., 1995). Therefore, the ability of CHO 
cells expressing ad/CD 18 or LFA-1 to bind soluble 
ICAM-3/lg, ICAM-1/lg, and VCAM-1/lg chimeric proteins 
was assessed by flow cytometry (Figure 4A). The ad/ 
CD18, LFA-1 , and VLA-4 transfectants used in subsequent 
binding experiments were 60%-90% CD 1 8 or a4 positive, 
with equivalent cell surface expression in individual experi- 
ments. In replicate experiments, ICAM-3/lg, but not 
ICAM-1 /lg or VCAM-1 /Ig, bound to ad/CD 1 8 transfectants. 
The CD18 dependence of this binding was confirmed by 
its sensitivity to treatment with antt-CD1 8 antibody. Similar 
results were obtained for ad/CD18 cotransfectants in ad- 
hesion assays using immobilized ICAM-1 /Ig or ICAM-3/lg 
chimeras (Figure 4B). The ad/CD 18 transfectants bound 
2- to 4-fold greater to ICAM-3/lg than to the bovine serum 
albumin (BSA) control, with no significant binding to 
ICAM-1/lg. 

Treatment of ad/CD18 transfectants with PMA or man- 
ganese, positive regulators of LFA-1 activation, did not 
significantly affect binding to CAMs in either of the adhe- 
sion assays described. CD1 1 a/CD 18 transfectants exhib- 
ited a PMA-dependent 3- to 5-fold increase in binding to 
ICAM-1 (Figure 4B), consistent with the activation require- 
ment and apparent avidity reported for LFA-1 /ICAM-1 in- 
teractions in this cellular context (Dustin and Springer, 
1 989; van Kooyk et al. , 1 989). Differences in ad and CD1 1 a 
regulation may reflect unique cytosolic interactions medi- 
ated by their nonhomologous cytoplasmic tails. 

In summary, we have described a previously unknown 
human leukointegrin a subunit that forms a functional het- 
erodimer with CD18. Although structurally similar to the 
known a chains, divergence in key regions of this protein 
implies that ad/CD 18 plays a different role in immune re- 
sponses. For example, the distinct sequences of the ad 
I domain and cytoplasmic tail region suggest the potential 
for unique Itgands, or unique binding sites on shared li- 
gands, and affinity regulation specific to this integrin. 

The predom inant expression of ad observed on special- 
ized cells in tissues suggests that the major functions of 
ad may be restricted to particular microenvironments. For 
example, the presence of ad on splenic red pulp macro- 
phages may indicate a role for this integrin in phagocytosis 
of effete erythrocytes, bloodborne pathogens, and particu- 
late matter from the blood. The involvement of foam cells 
in establishment of vascular lesions in certain types of 
atherosclerosis (Ross, 1993), combined with the observa- 
tion that ad is expressed on those cells in fatty streaks, 
suggest that ad may contribute to macrophage-specific 
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Figure 3. Expression of ad in Human Spleen and Aorta 

(A) Fresh frozen splenic sections were acetone fixed and treated with antibodies against (1) ad, (2) CD1 1a, (3) CD1 1b, (4) CD11c, or (5) irrelevant 
mouse igGL 

(B) Abdominal aortic sections were acetone fixed and treated with (1) Oil Red O, (2) MAb 169 A (ad) (blue), (3) MAb EBM11 (0066) (blue), (4) both 
169A (blue) and EBM11 (brown), and (5) Irrelevant mouse lgG1. 


Immunity 
688 


, VCAM-1 fig 
lCAM4Hg 


2 ICAJI-Mg -Mn rn 
ICAM-Mg *Mn m 


VCAM-1/lg a 
£AM-3/kj + CD18inAbB 


Ik. 


9 , AnU-Kuman IgG-FlTC CD 
° 8 VCAM-1/lg ■ 


1 


VCAAM/lg CD 
4 ICAIM/lg ■ 


. Antl-MouM tgG^lTCo 
0 C018 mAb H 


T] AnU-HouM IgG-FITC CD ICAM-3/lg □ 

7 a4mAb ■ « VCAM-1/Ig ■ 


FluofMOWicv Intensity ■ 


B 


5.0 ' 



£ 2.0 


L0 


0.0 


■ ad/CD18 
□ CD118/CD18 
Vector control 



Medium PMA CD18mAb CD18mAb 

PMA 



■ ad/CD18 

□ CD11a/CD18 

□ Vector control 


111 


Medium PMA CD18rnAb CD18mAb 

PMA 


activities such as phagocytosis of modified lipoproteins in 
these lesions. Therefore, animal models of atherosclero- 
sis may present one interesting venue to explore the in 
vivo function of ad. 

The relevance of the low levels of ad observed on granu- 
locytes, peripheral blood T cells, and monocytes may be- 
come evident when the lull range of ad functions is 
defined. The presence of ad protein in CD18 immunopre- 
cipitations from PBL may easily have been overlooked in 
the past due to overwhelming levels of other leukointegrins 
and similarity in apparent molecular weights of the a 
chains. It is possible that ligand specificity, activation regu- 
lation, and increased expression levels in particular envi- 
ronments may confer to ad different functions than other 
leukointegrins expressed by these cells. 

The cell type and tissue distribution of human and ca- 
nine ad protein expression is only partially conserved; As 
in the dog, ad is expressed on splenic red pulp macro- 
phages (Danilenko et al., 1995) but not on Kupffer celts, 
resident macrophages of the liver (data not illustrated). 
However, the presence of ad on peripheral blood and 
splenic granulocytes from humans contrasts with the dog. 
This cross-species variation is perhaps unsurprising con- 
sidering the presence of CD4 on canine, but not human 
granulocytes (Moore, etal., 1992). Other tissues that differ 
in ad distribution or intensity or both between the human 
and other species may be attributed either to species dif- 
ferences or to the variable characteristics of human donor 
tissues. 

The capacity of ad/CDt 8 to bind both soluble and immo- 
bilized ICAM-3 implies a higher affinity interaction than 
that observed for LFA-1, which does not bind ICAM-3 in 


Figure 4. ad/CD 18 Binds to Soluble and Immobilized ICAM-3 
The ability of stable ad/CD1 8 CHO transfectants to recognize soluble 
(4A) and immobilized (48) ICAM-3 and 1CAM-1 was determined. 

(A) Transfectants were Incubated In buffer with ICAM-3/lg, ICAM-1/ 
lg, or VCAM-1/lg. Bound protein was detected with FITC-conjugated 
anti-human immunoglobulin and subsequent flow cytometric analysis. 
(1 ) Comparison of ICAM-3/lg and VCAM-1 /lg binding; (2) relative bind- 
ing of ICAM-3/lg in the presence or absence of manganese; (3) inhibi- 
tion of ICAM-3/lg binding by TS1/18 relative to VCAM-1 /lg binding; 
(4) comparison of ICAM-1 /lg and VCAM-1 /lg binding; (5) VCAM-1 /I g 
binding to transfectants relative to anti-human immunoglobulin tracer 
antibody only; (6) surface CD1 8 expression on ad/CD 1 8 CHO transfec- 
tants, detected with the ant^CD18 MAb TS1/18; (7) a4 expression on 
VLA-4 CHO transfectants, detected with the antibody A4.1 ; and (8) 
binding of VCAM-1 /lg and lCAM-3/lg to VLA-4 CHO transfectants. 
Mock-iransfected and untransfected cells were not recognized by any 
fusion protein or by the FITC-conjugated tracer antibody (data not 
shown). 

(B) CHO transfectants labeled Intracellulariy with calcein were incu- 
bated on microtiter plates coated with ICAM-3/lg or ICAM-1/kj. Fluores- 
cence before and after washing was determined. Data is presented 
as fold increase of binding to ICAM/lg over BSA control. Maximal 
binding of aoTCDl 8 CHO to ICAM-3 was 30%-S0% of celts added to 
plates; for LFA-1 (PMA*) and ICAM-1, 20%-3O%; and 5%-10% for 
all transfectants to BSA. (1) Binding of CHO transfectants to ICAM-3/ 
lg; (2) binding of CHO transfectants to ICAM-1 /lg. The CD11a/CD18 
transfectants aid not show significant binding to ICAM-3, perhaps ow- 
ing to modest surface expression of LFA-1. No binding of ad/CDl8 
or CD11a/CD18 transfectants to VCAM-1/lg was observed (data not 
shown). 
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a similar cellular context. In addition, the failure of ad/ 
CD18 to bind soluble or immobilized ICAM-1 or VCAM-1 
suggests an exclusive ICAM-3 recognition by this integrin. 
However, the ad subunit, like other leukolntegrin a chains, 
probably recognizes multiple ligands and may exhibit addi- 
tional CAM binding specificities when expressed in other 
cellular contexts in vivo. We are currently attempting to 
define the unique functional range of the ad molecule. 
Moreover, reevaluation of many leukointegrin-dependent 
immune phenomena may now be warranted to determine 
the contribution of this previously unrecognized family 
member. 


Experiments) Procedures 
Isolation of the ad cDNA 

ad/CD18 complexes affinity purified from detergent lysates of canine 
spleen (Danilenko et a)., 1992) were subjected to preparative SDS- 
PAGE in 7% polyacrylamide and transferred to PVDF membranes. 
The Coomassie-stained 1 50 kDa band was fragmented with cyanogen 
bromide (CNBr) in 70% formic acid. CNBr-deaved protein was elated 
once with 60% acetonitrile, 0.1 % TFA, and once with 80% acetonitrile. 
0.08% TFA. The CNBr fragments were dried by vacuum, reduced and 
alkylated, and digested with trypsin (Stone et al., 1992). Resulting 
peptides were separated on a Waters Associates high pressure liquid 
chromatography system using a Vydac C-18 column and sequenced 
by Edman degradation. 

Degenerate oligonucleotides were designed on the peptide se- 
quences (FNLDVEEPMVFQEO) and (FQEGFSSVLT). Double- 
stranded cDNA was generated from canine splenic poly (A) + mRNA 
(GuNer and Hoffman, 1983). A PCR containing the oligonucleotides 
(RAANCCYTC YTG RAAACTYTC) and (TTYAAYYTNGAYGTNGARQ- 
ARCC) and 200 ng cDNA yielded a 1 kb product, which was ligated into 
the pCRII vector (Invitrogen, San Diego, California) and sequenced by 
the Sanger dldeoxy termination method. 

Oligo dT-primed double-stranded cDNA was prepared from poly{A) + 
RNA isolated from normal human spleen. BstXI linkers were added 
to the cDNA prior to cloning into pCDNA.Amp (Invitrogen). The 
"P-labeled canine ad fragment was added to colony replicas In prehy- 
bridization buffer (5x SSC, 10x Denhardfs, 1% SDS, 30% for- 
mamide), and allowed to hybridize overnight at 42°C. The final strin- 
gency wash was at 65°C in 1 x SSC, 0.1% SDS. A single clone, 
19A2, was identified and sequenced on the sense strand by the nested 
deletions technique. The antteense strand was sequenced for confir- 
mation. 

Expression and Analysis of the od cDNA 

An oligonucleotide was designed to Include a 5' EcoRt site, modified 
Kozak consensus sequence (Kozak, 1987), an adenosine, and se- 
quence overlapping the 5' end of clone 19A2 (AGTTACGAATTCGC- 
CACCATGACCTTC GGCACTGTG). A 706 bp fragment was amplified 
from done 1 9A2 using this oligo and a specific internal oligonucleotide 
from the anttsense strand (CCACTGTCAGGATGCCCGTG). The PCR 
product was restricted with EcoRI and Bam HI and ligated to the 3.2 kb 
BamHI-Xbal fragment from 19A2. The resulting EcoRI-Xbal fragment 
was ligated Into pcDNA3 (Invitrogen) resulting In the plasmid 
pATM.D12. The cDNAs encoding human CDl1a t CD18, and CD29 
(&1) were each subdoned into the expression vector pDCl . A pCDMS 
construct containing the CD11ccDNA was obtained from F. Sanchez- 
Madrid (Universidad Autonoma de Madrid, Spain). The CD49d (a4) 
and CD1 1 b encoding cDNAs were subctoned into the pcDNA.1 vector 
(Invitrogen). The plasmids pATM.Dl2 and pDC1.CD18 were used to 
transfect DHFR-DG44. CHO cells (obtained from L Chasen, Colum- 
bia University, New York) by electroporation. The plasmid 
pDCLCD11a was transfected along with pDCl.CD18 as a positive 
control. Vectors expressing a4 and 01 were ootransfected to provide 
a positive control for VCAM-1 binding experiments. Stably transfected 
clones were selected in nudeosidedeftclent medium. 

Blotlnylated (Cote et ah, 1987) CD18 complexes were precipitated 
from detergent lysates of CHO transfectants with the monoclonal anti- 


body TS1/18 (American Type Culture Collection [ATCC] HB203) or 
1 69A (anti-ad). Biotinylated protein was Isolated under reducing condi- 
tions on 8% potyacrytamide gels and transferred to PVDF membranes. 
Biotinylated proteins were detected wfth Strepavldln POD (Boehringer 
Mannheim) diluted 1:6000 in TBS-T, 0.3% BSA. Hyperfilm (Amer- 
sham) was used to expose the membranes for 0.5-2 min after develop- 
ment with enhanced chemlluminescence reagents (Amersham). 

Generation of ad -Specific MAbs 

Detergent lysates were made as previously described (Danilenko et 
at., 1992) from 100 g of human spleen obtained from the University 
of Utah. Lysates were clarified by centrifugation and sequentially pre- 
cleared of LFA-1 and Mac-1 with Ahlgef 10 resin to which the antibody 
TS1/22.1 (ATCC HB202) or 44aacb (ATCC HB249) was bound. Re- 
maining CD18 complexes were affinity purified with the murine anti- 
body TS1/18. BALB/c mice were immunized three times at 21 day 
intervals with 30 ng/mouse protein in adjuvant. The spleen from a 
single mouse was fused with NS-1 myeloma cells and hybridomas 
were obtained according to standard procedures. Culture superna- 
tants were analyzed by flow cytometry for the ability to react with ad/ 
CD18 CHO ceils but not with JY ceils, which in our hands express only 
CD1 1 a/CD1 8. The clone 1 69A (lgG1) was isolated after two rounds of 
subdoning. Antibody purified from exhausted hybrid oma supernatant 
on a PROSEP-A column (Bioprocessing Limited) according to package 
directions was used in the flow cytometric experiments presented; 
histologic analysis was performed using supernatants. 

Flow Cytometric Analysts of od Expression 

Surface expression of leukolntegrin a chains on cell lines, PBLs, and 
transfectants was detected with the murine MAbs 169A (ad), TS1/22 
(CDHa, ATCC). 44aacb (CD11b, ATCC), and BU15 (CD11c, Dako). 
Human PBLs were isolated from blood on a Histopaque 1 077 (Sigma) 
gradient using standard procedures. Granulocytes were isolated on 
Ffcoll-Hypaque gradients (Ferrante and Thong, 1982). Cellular Fc 
were blocked with 1 mg/ml human IgG (Sigma) in RPMI with 2% fetal 
bovine serum and 0.01% sodium azide (FACS buffer) for 30 min on 
ice. 00115(10°) per group were incubated on ice in 100 *il FACS buffer 
with primary antibody at 10 ug/ml or 100 nl hybridoma supernatant. 
Bound antibody was detected with sheep anti-mouse IgG-fluorescein 
Isothiocyanate (FITC) (Sigma), followed by washing and analysis on 
a Becton-Dickinson FACscan using Lysis II software. 

Immunohistology 

Frozen sections from human abdominal aorta (PDAY Research 
Group) were stained with irrelevant murine IgG or MAb 169A (ad). 
Bound antibody was detected using rabbit anti-mouse IgG (Dako) and 
mouse APAAP reagent (Dako) with subsequent development with Sub- 
strate Kit III (Vector). Sections were counterstained with Nuclear Fast 
Red (Vector). Human spleen and liver sections (National Disease Re- 
search Interchange) were treated in the same fashion, but with tha 
addition of MAbs against CD11a (TS1/22, ATCC), CD11b (44aacb, 
ATCC), and CD1 1 c (BU1S, Dako). Aortic sections stained with Oil Red 
O were dehydrated with 100% propylene glycol before staining. For 
double staining, MAb EBM1 1 (CD68)-treated sections were incubated 
successively with supersaturating concentrations of peroxidase- 
conjugated anti-mouse IgG (1:100, Dako) and peroxidase-conjugated 
swine anti-rabbit IgG (1 :30, Dako). Sections were blocked with swine 
anti-rabbit IgG before addition of MAb 169A. Slides were developed 
with the DAB (3.3 diaminobenzfdine) kit (Vector) and the AP (alkaline 
phosphatase) Substrate III kit (Vector). 

CAM Binding Assays 

To analyze ad/CD 1 8-CAM interactions in solution, 1 0* (per group) ad/ 
CD18 CHO transfectants from suspension cultures were incubated 
for 20 min at room temperature In 100 nl buffer only (Tris-buffered 
saline, 0.1% BSA), buffer with 10 ug/ml MAb, or buffer with 2 mM 
MgCI ? . After washing, cells were incubated in buffer only or buffer ( ± 
MgCy with 10 ug/ml ICAM-3/lg, tCAM-1/lg, or VCAM-1 /lg (Sadhu et 
al., 1994) for 30 min at room temperature. Bound fusion protein was 
detected with goat anti-human IgG-FITC (Jackson Labs, West Grove, 
Pennsylvania) diluted 1 :1 00 in buffer, followed by washing and subse- 
quent analysis on a Becton-Dickinson FACscan. 
For analysis of Integrin binding to Immobilized CAM/lg, mlcrotiter 
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plates were coated with 10 jig/ml soluble lCAM-3/fg or ICAM-1/lg, or 
1%BSA and blocked with 1%BSA.CHOt/ansfectants(1 x iCHJper 
group were labeled with 6 ug calcein dye (Molecular Probes, Eugene, 
Oregon) in phosphate-buffered saline. Caloein-tabefed cells were 
washed and resuspended In buffer with or without 10 ug/ml TS1/18 
and incubated at 37°C for 25 mln in triplicate wells/group on microliter 
plates. After washing by Immersion In phosphate-buffered saline with 
0.1% BSA for 20 mln, remaining fluorescence was determined with 
an automatic fluorescence reader (Cyto Fluor 2300-2350, Mliltpore). 
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SUMMARY 

We isolated a partial genomic clone encoding ITGAD, a novel p 2 -integrin oc subunit. The ITGAD gene is highly 
homologous to the three previously known a subunit-encoding genes, that compose the p 2 integrin family, in deduced 
amino acid sequence, intron/exon structure and mapping location (chromosome 16pll). 


INTRODUCTION 

Integrins (Itg) are a large family of cell surface otP heter- 
odimers involved in cell-cell and cell-extracellular matrix 
interactions (Hynes, 1992). Three Itg that share the p 2 
(CD18) subunit are restricted in expression to leukocytes 
and have homologous a subunits: a L (LFA-1, CD 11 a), 
a M (Mac-1, CDllb), and ot x (pl50/95, CDllc) (Larson 
and Springer, 1990). These Itg are important in the emi- 
gration of leukocytes from the vasculature, interaction 
with target cells and antigen-presenting cells, and binding 
to iC3b and fibrinogen (Springer, 1995). Inherited defects 
in the p 2 subunit, which lead to the absence of these three 
heterodimers in leukocyte adhesion deficiency, result in 

* Correspondence to: Dr. T.A. Springer, The Center for Blood Research, 
Room 251, 200 Longwood Avenue, Boston, MA 02115, USA. Tel 
(1-617) 278-3200; Fax (1-617) 278-3232; 
e-mail: springer@cbrvl.med.harvard.edu 

1 Current address: Division of Rheumatology, Allergy, and 
Immunology, McGuire Hall, Room 4-110, 1112 East Clay Street, P.O. 
Box 980263, Richmond, VA 23298-0263, USA. Tel. (1-804) 828-9685. 

Abbreviations: aa, amino acids (s); bp, base pair(s); cDNA, DNA com- 
plementary to RNA; iC3b, inactivated third component of complement 
b fragment; Itg, integrin (s); ITG, gene encoding Itg; ITGAD* gene encod- 
ing a novel Itg ot D subunit; ITG AX ', gene encoding the Itg a x subunit; kb, 
kilobase(s) or 1000 bp; nt, nucleotide(s); ORF, open reading frame; 
PCR, polymerase chain reaction; RT, reverse transcription(tase). 


life-threatening bacterial infections (Anderson and 
Springer, 1987). 

To study the possibility of an alternative Itg a subunit 
which could associate with p 2 , a genomic molecular clon- 
ing approach was used and a novel gene was found. 


EXPERIMENTAL AND DISCUSSION 

(a) The cloning of a novel ITG gene 

A genomic approach was used, because the genome 
would contain all a subunit-encoding genes, regardless 
of cellular distribution, in equal numbers. The most con- 
served region of a L , a M and a x is in the EF hand-like 
putative divalent cation binding repeats. To identify novel 
leukocyte integrin a subunits, a number of degenerate 
PCR primers complementary to this region were 
designed based on the known intron/exon structure of 
the human a x -encoding gene, 1TGAX (Corbi et al., 1990). 
primers A, 5-GGGRGCMCCYCGMTAYCAGCACA; 
B, 5-ATYGGCKCYTAYTTCGGKG; W, 5-ASAY- 
RRACACCYGGCCYCCTC; and X, 5-CTCCTCY- 
MSWGGGGCCCCIAYRRCCACGTC (where K = G or 
T; M = A or C; R = A or G; S = C or G; Y = C or T) were 
able to generate PCR products of the appropriate length. 
Using the exon numbering system for ITGAX, primers 
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B and W were located within exon 14. PCR products 
from genomic DNA using primers B and W were cloned 
and sequenced and included known leukocyte integrin a 
subunit gene sequences as well as products that were 
most similar to ITGAX, but differed by 5 nt. The pro- 
ducts of primers A (from exon 13) and X (from exon 15) 
included ITGAX and a product that corresponded to the 
novel BW product in exon 14 and was homologous to 
known a subunit genes in the exons, but differed substan- 
tially in the two introns. 

The intron between exons 14 and 15 of this novel pro- 
duct was used to probe 5 x 10 s clones of a human pWE15 
genomic cosmid library (kindly provided by Glen Evans, 
Salk Institute). A clone with a 37-kb insert designated 
pWE15aW.l was isolated. 

(b) Sequencing a novel ITG gene and aa comparison 

Sequences that hybridized with the full-length a x and 
<x M cDNAs were localized to a 21-kb Notl-EcoRl frag- 
ment on the 5' end of the cosmid insert. Sau3A, Taql, 
Hael and Bglll fragments that hybridized with the oc x 
cDNA were selected from this region for sequencing. 
Over 5000 nt were sequenced, including a 4153-nt frag- 
ment containing exons 25-30. Eleven putative exons were 
identified by sequence homology (Fig. 1A). A twelfth 
exon, exon 14, was sequenced in the PCR fragment, but 
did not appear in the cosmid clone, in which the intron 
between exons 14 and 15 is at the 5' end. Seven exons 
were completely sequenced (21 and 25-30) and five were 
sequenced through one intron boundary. Exons 18-20, 
22, and 23 have not been localized and are predicted to 


be present in regions that remain to be sequenced. All 
exons thus far identified contained ORFs, consensus 
splice sites, and the same intron phase as in the a x (Corbi 
et al., 1990) and oc M (Fleming et al, 1993) genes. 

The exons correspond to the C-terminal two-thirds of 
the putative a subunit, from the three EF hand-like 
putative divalent cation binding repeats to the trans- 
membrane domain. The translated aa sequence is most 
homologous to the ot x subunit (70% identity) compared 
with a M (59%) and a L (32%) (Fig. IB). We designate this 
novel gene ITGAD and predict it is expressed as a novel 
(J 2 integrin oc D subunit. Nested RT-PCR on tonsillar 
RNA using primer BW, 5-GACAGCGATGGCAGC- 
ACCGACCTGA, derived from the ITGAD exon 14 
sequence and primer X after an initial round of PCR with 
primers A and X, showed the novel gene to be processed 
at least to the point of having the intron between exons 
14 and 15 spliced out. This 220-nt product when sub- 
cloned and sequenced was 86% identical to the a x 
sequence, as compared to the 92% identity of a x and ot M 
over the same region. Using this product as a probe and 
by combining RT-PCR and enrichment using specific 
restriction enzymes, the predicted transcription product 
of this gene could be shown to be present in tonsilar 
mRNA (Fig. 2). Furthermore another group of investiga- 
tors have independently, using an alternative strategy, 
cloned the cDNA of an a subunit with essentially iden- 
tical sequence to the predicted sequence from our gene 
(W.M. Gallatin, unpublished personal communication). 
Our mutual use of the letter D for this integrin is based 
on the likelihood that the protein will be designated 
CDlld in the future. 
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Fig. 1. Organization and partial sequence of ITGAD. A: Genomic organization. Restriction map of the human genomic 37-kb pWE15aW.l cosmid 
insert to an accuracy of 250 bp. BamHl (B), Bglll (Bg), EcoRl (E), HindUl (H), and Noll (N). Filled boxes represent possible exons that are numbered 
based on homology to the exons of ITGAX (Corbi et at, 1990). Thicker lines indicate flanking vector sequence containing Notl sites. Mapping was 
done by Southern hybridization of digested fragments with 35 S-labe!ed exons, as well as PCR between exons and between the T3 promoter site (at 
the left or 5' end) and certain exons. B: Homotogy of the translated putative exons of ITGAD with the a L (CDlla), ct M (CDllb), and a x (CDllc) 
subunits are underlined when shared by two of the other subunits (GenBank accession Nos.: U40274, U40275, U40276, U40277, U40278, U40279). 
Translated exons from a D were combined for alignment with the corresponding segments from other leukocyte integrin subunits. Exon boundaries 
are indicated by vertical lines and three periods indicate segments that do not extend fully to the predicted boundary. Segments used for alignment 
and Swiss-prot database accession Nos. were: ot\ aa 470-537, 567-600, 631-662, 789-836, and 910-1 1 13 (P20701 ); <x M , aa 467-537, 571-602, 633-666, 
790-836, and 914-1130 (P11215); a x , aa 468-537, 571-602, 633-666, 790-836, and 912-1129 (P20702). 
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Fig. 2. ITGAD transcription product present in tonsilar RNA after 
enrichment. A: To detect transcription of the novel gene, tonsilar mRNA 
was submitted to RT-PCR with degenerate primers A and X. The RNA 
was then enriched for the novel sequence by digesting with three specific 
restriction enzymes Fofcl, Sail, and Atari which cut the known a subunit 
cDNAs in this region and then resubmitted for PCR with A and X. 
Only after two rounds of this type of enrichment could the appropriate 
380-bp product be detected with the 32 P-labeled 220-bp probe from the 
new sequence. In genomic DNA where the novel gene sequence would 
be expected to be expressed in equal amounts to the other a subunits 
the appropriate 640-bp product with the two introns still present is 
readily detected. B: In contrast, a 32 P-labeled probe from the same 
region of a M is able to detect a M sequence without enrichment on the 
same blot. The 92% homology between oc M and ot x over this region 
leads to some cross-reactivity between the a M probe and a x . An equal 
number of copies of sequence was loaded on a 1.2% agarose gel in each 
lane by weighting for the expected length of an individual copy. Lanes: 
a, cDNA ct L ; b, cDNA ot M ; c, cDNA a x ; d, RT-PCR product of degener- 
ate primers A and X; e, PCR product of primer A and X after triple 
digestion; f, PCR product of primer A and X after a second round of 
triple digestion; g, PCR product of primers A and X using genomic 
DNA as a template. 

(c) The chromosomal localization of ITGAD 

To localize the ITGAD gene, we performed fluores- 
cence in situ hybridization with a biotin-labeled probe of 
the cosmid insert on normal human metaphase chromo- 
somes (Rowley et al., 1990). Specific labeling of chromo- 
some 16, band pll (Fig. 3) was observed on four 
chromatids (16 cells), three chromatids (7 ceils) or two 
chromatids (2 cells) in 25 cells examined. A single back- 
ground signal was observed on 3pl2. Localization to 
16pll was confirmed in a second hybridization experi- 
ment. ITGAD thus clusters with the ot L , a M , and a x genes, 
which also localize to chromosome 16, band pll (Corbi 
et al., 1988). 

(d) Conclusions 

The similarity in gene organization, sequence, and 
chromosomal location suggest that ITGAD encodes a 
fourth leukocyte integrin a subunit. This subunit is much 
more homologous to the three (J 2 integrin a subunits than 
to other integrin a subunits, and may associate with the 
P 2 subunit and be expressed on leukocytes. Previous 
studies have shown a subunit lower in M r than a L , a M , 
or a x that associates with p 2 on human monocytes 
(Sanchez-Madrid et al, 1983), and an a subunit that asso- 



Fig. 3. Chromosome localization. The chromosome 16 homologies are 
identified with arrowheads. The inset shows partial karyotypes of two 
chromosome 16 homologues illustrating specific labeling at 16pll 
(arrow). A biotin-labeled human ITGAD cosmid probe was prepared 
by nick translation using Bio-ll-dUTP (Enzo Diagnostics) and used 
in fluorescence in situ chromosomal hybridization with metaphase phy- 
tohemogglutin-stimulated peripheral blood lymphocytes as described 
(Rowley et al,, 1990). Hybridization was detected with flourescein- 
conjugated avidin (Vector Laboratories), and chromosomes were iden- 
tified by staining with 4,6-diamidino-2-phenylindole-dihydrochloride. 

ciates with (3 2 on canine macrophages and lymphocytes 
that appears distinct from a L , a M , and ot x (Danilenko 
et al., 1990). The relationship of these subunits to a D 
remains to be characterized. 
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Abstract The ability of cultured human fibroblasts to 
reorganize and contract three dimensional collagen I 
gels is regarded as an in vitro model for the reorgani- 
zation of connective tissue during wound healing. We 
investigated whether adhesion receptors of the integrin 
family are involved. It was found that synthesis and 
transcription of the a^i integrin (but not of aijSi or 
a 3 £i) is selectively upregulated when fibroblasts are 
seeded into type I collagen gels. Time course experi- 
ments revealed that high synthetic levels of a^i paral- 
lel the gel contraction process and return to "baseline" 
levels after the contraction has subsided. Furthermore, 
function-blocking mAbs directed to the a 2 and 0\ 
chain of integrins inhibited gel contraction. 

Remodelling of connective tissue can be important 
for tumor cells during invasion and formation of 
metastases. Therefore, we tested human melanoma cell 


lines for this function. Five out of nine melanoma 
lines contracted collagen gels in vitro. Among these, 
two highly aggressive melanoma cell lines (MV3 and 
BLM) most efficiently contracted gels almost reaching 
the rate of normal adult fibroblasts. In these cells, syn- 
thesis of 0f2j3i was also significantly upregulated when 
seeded into collagen I gels. Moreover, function block- 
ing anti-a 2 in conjunction with anti-ft chain mAbs 
completely inhibited gel contraction for several days. 
Other melanoma cells (530) with lower metastatic 
potential which were not able to contract gels, showed 
no induction of ctifii synthesis in gel culture. Our 
results suggest an important role of integrin ai&i in 
the contraction of collagen I by normal diploid fibro- 
blasts during wound healing and in the reorganization 
of collagen matrices fay highly aggressive human mela- 
noma cells. 


The reorganization of collagen by fibroblasts is an im- 
portant function in wound healing which leads to 
wound contraction and finally helps to reestablish or- 
gan integrity. Hie ability of cultured fibroblasts to reorganize 
and contract three-dimensional collagen I gels (Bell et al,, 
1979) is considered as an in vitro model for wound contrac- 
tion. Previous studies have described in detail the influence 
of cytokines (Gullberg et al, , 1990), the requirement of pro- 
tein synthesis and of an intact cytoskeleton for this process 
(Mauch, 1986; Guidry and Grinneil, 1983). Seeding of 
fibroblasts into a three-dimensional collagen lattice results in 
major changes of their morphology (Ibmasek et al., 1982), 
their protein and collagen metabolism (Mauch et al., 1988) 
as well as in their response to cytokines (Nagakawa et al., 
1989). However, little is known, so far, about the role of ex- 
tracellular matrix (ECM) 1 receptors on the fibroblast sur- 
face for this function. Recently, evidence has been provided 


1. Abbreviations used in this paper. CFN, cellular fibronectin; ECM, ex- 
tracellular matrix. 


that polyclonal antisera directed against the ft chain of in- 
tegrins may interfere with gel contraction (Gullberg et al., 
1990). Among the ft subgroup of integrins, at least three 
receptors (aijSi, aift, and of 3 j30 are known to interact with 
collagen (Wayner and Carter, 1987; Belkin et al., 1990; 
Kirchhoferetal., 1990). 

In this study, our first aim was to identify single integrin 
receptors involved in this process. We show that a^i is the 
only integrin which is strongly upregulated when fibroblasts 
start contracting collagen I gels. Furthermore, we demon- 
strate that function blocking anti-a 2 - in conjunction with 
anti-j9i-chain mAbs most efficiently inhibit gel contraction. 

The capability to reorganize collagen may also be advanta- 
geous for tumor cells during tissue invasion. Recent studies 
revealed that c^/Si is involved in the migration of tumor 
cells within collagenous matrices (Yamada et al. , 1990) and 
that it is expressed at increased frequency during tumor 
progression in human melanoma (Klein et al. , 1991). There- 
fore, we also tested human melanoma cell lines for their abil- 
ity to reorganize collagen I lattices and investigated the role 
of a^i in this function. 
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Material and Methods 
Cells and Culture Conditions 

Cell lines were cultured in RPMI 1640 supplemented with 10% FBS, 2mM 
glutamine, \% nonessential aminoacids, 100 U/ml penicillin, and 100 U/ml 
streptomycin. Cultures of normal fibroblasts and melanocytes were estab- 
lished and maintained as previously described (Klein et al., 1988; Eisinger 
and Marko, 1982; Halaban et al. t 1986). Melanocyte cultures (M.LM, p-5; 
M.SD, p-12; M.RF, p-6; and M.HF, p-6) established from the foreskin of 
young children or young adults were kindly provided by Dr. D. Kaufman 
(Department of Human Genetics, University of Ulm, Ulm, Germany). The 
fetal fibroblast cell line F 135-60-86-skin was originally obtained from Dr. 
J. Fogh's cell bank at the Memorial Sloan Kettering Cancer Center, New 
York. The melanoma cell lines SK-MEL-13, -19, -29, and -113 were gifts 
from Dr. L. J. Old (Memorial Sloan Kettering Cancer Center, New lork). 
The melanoma cell lines 530 (Versteeg et al., 1988), BLM (van Muijen et 
al., 1989), and MV3 (van Muijen et al., 1991) were kindly provided by Dr. 
G. van Muijen (Department of Pathology, Academish Ziekenhuis, Univer- 
sity of Nijmwegen). The squamous carcinoma cell lines SCL1 and -2 (Til- 
gen et al., 1986) were gifts from Dr. N. E. Fusenig (Department of Bio- 
chemistry, German Cancer Research Center, Heidelberg, Germany). All 
cell lines were repeatedly subjected to hybridization tests using 3 H-labeled 
mycoplasma DNA (Mycoplasma TC Gen Probe Inc., San Diego, CA) and 
were negative. 

Monoclonal antibodies 

Serum or ascites of hybridoma bearing mice or tissue culture supernatant 
was the source of mAbs: mAb TS2/7 binds to the a i -chain of integrin aifr 
(VLA-1) (Hemler et al., 1985), mAbs 10G11 (Hemler et al., 1988), A-l-43 
(Klein et al., 1991), GU4 (Santoso et al., 1989), 5E8 (Zylstra et al., 1986; 
Takada et al., 1989), and P1E6 (Wayncr et al., 1988) detect the a 2 chain 
of cttfi, mAbs J143 (Kantor et al., 1987), and P1B5 Otayner and Carter, 
1987) define the 03 chain of oift. mAbs B5G10 (Hemler et al. , 1987) and 
P4G9 (Wayner et al., 1989) recognize the 04 chain of ctSw mAbs 16 
(Akyama et al., 1989) and P1D6 (Wayner et al. f 1988) bind to the a 5 
chain; mAbs GoH3 (Sonnenberg et al., 1989) and MT78 (Klein et al., 
1990) detect the 04 chain; mAb LM142 (Cheresh and Spiro, 1987) recog- 
nizes the at v chain. mAbs Aj2 (Kantor et al., 1987), 13 (Akyama et al., 
1989), and 4B4 (Morimoto et al., 1985; Shimizu et al., 1990) are directed 
to the ft chain. mAbs TS2/7 and B5G10 were kindly provided by M. 
Hemler (Dana Ruber Cancer Center, Boston, MA); the purified mAbs 16 
and 13 were gifts from S. Akayama (Howard University Cancer Center, 
Vifcshington, DC). mAbs J143 and Aj2 were kindly provided by L. J. Old 
(Memorial Sloan Kettering Cancer Center, New \brk) mAbs GoH3 and 
10G11 were gifts from A. Sonnenberg (Central Blood Bank of the Nether- 
lands, Amsterdam). mAb LM142 was kindly provided by D. Cheresh 
(Scripps Clinic, La Jolla, CA) . mAbs P1E6, P1D6, P4G9, and 4B4 were pur- 
chased from Tclios Pharmaceuticals Inc. (San Diego, CA) and Coulter Cor- 
poration (Hialeah, FL), respectively. The function blocking mAbs used in 
this study are listed in Table I. For inhibition studies, mAbs were purified 
by ammonium sulfate precipitation and subsequent affinity chromatography 
on PA-Sepharose Columns using standard procedures. 

Preparation of Collagen Gels (Hydrated 
Collagen 1 Lattices) 

Collagen I was extracted from rat tail tendons and stored lyophilized as pre- 
viously described (Mauch et al. , 1988). Collagen 1 (2 mg/ml) was dissolved 
in 0.1% acetic acid and stored at 4°C as stock solution. For gel preparation, 
1.85 ml Mc Coy's medium (1.95-fold concentrated), 09 ml FBS, 025 ml 
01 N NaOH was added to 1.5 ml collagen I stock solution in 60-mm bac- 
teriological petri dishes and carefully mixed by circular movements. Then, 
1 x HP cells suspended in 0.5 ml Mc Coy's medium containing 20% FBS 
were added and the solution (5 ml) was mixed again. Gel formation oc- 
curred within the first two hours of culture at 37 °C and 5% CO2. For ex- 
periments in 35-mm bacteriological petri dishes, gels of 2-ml vol containing 
4 x 10 5 cells were prepared. For inhibition studies, purified mAbs were 
added during gel preparation. The mAb concentration in the stock solutions 
added ranged from 0j6 to L6 mg/ml (01 M Iris, pH 8). 

Radioimmunoprecipitation 

Cells in monolayer or gel culture were metabolically labeled with [ 35 S]me- 


Table /. Function Blocking mAbs Directed to Integrins 
Used in This Study 


Polypeptide 

mAb 

Reference 

a 2 chain 

5E8 

Zylstra etal., 1986 



Takada et al., 1989 


P1E6 

Wayner et al., 1988 

a 3 chain 

P1B5 

Wayneret al., 1987 

as chain 

16 

Akyama et al., 1989 

0i chain 

13 

Akyama et al., 1989 


4B4 

Shimizu et al., 1990 



Morimoto et al., 1985 


thionine (60-200 /xCi/ml; New England Nuclear, Boston, MA) for 6 or 16 h 
in methionine-free medium containing 10% dialyzed FBS. After metabolic 
labeling, the collagen gels were immersed into NP40-lysis buffer (0.5% 
NM0, 0015 M NaCl, 001 M Iris pH 7.5, 0002 M PMSF, and Aprotmin), 
minced into fine pieces, repeatedly aspirated into syringes, and forced 
through needles with decreasing diameter. Monolayer cultures were in- 
cubated with NP-40 lysis buffer, scraped off the tissue culture plastic ware 
and then treated equally as the gel culture cell lysate. Glycoproteins were 
isolated from NF40 solubilized cell extracts by adsorption to Con A 
Sepharose (Pharmacia Inc., Uppsala, Sweden) (Lloyd et al., 1981). Im- 
munoprecipitations were carried out as previously described (Klein et al. , 
1988). lb compare glycoprotein synthesis under different culture condi- 
tions, equal numbers of counts of the Con A-bound fractions were immuno- 
precipitated. The amounts of precipitated glycoproteins were determined 
after SDS-PAOE by quantitative density scanning of the fluorographs. 

RNA Isolation and Northern Blot Hybridization 

Total RNA was isolated from fibroblasts as described previously (Mauch 
et al., 1988). Briefly, cells were homogenized in 4 M guanidinium 
isothiocyanate using a Botter-Elvehjem and extracted with phenol/chloro- 
form to remove collagenous debris. The supernatants were then centrifuged 
through a 5.7 M CsCl cushion. The RNA pellet was dissolved in water, 
treated with phenol/chloroform, precipitated with 03 M sodium acetate, 
and 2.5 vol of ethanol. For Northern blot hybridization, 5 Mg of total RNA 
was separated by electrophoresis on a 1% formaldehyde agarose gel and 
transferred to Gene Screen hybridization transfer membranes (New En- 
gland Nuclear Research Products, Boston, MA). The filters were cross- 
linked by UV (Stratagene) and hybridized with prime-labeled radioactive 
cDNA probes specific for the VLA 02 and 0t chain as well as for 0 tubu- 
lin. Densitometric scans were performed from autoradiographs to quantify 
the intensity of hybridization (Hirschmann Elscript 400). cDNAs for VLA 
ct2 (clone 2.72L) (Takada and Hemler, 1989) were obtained from Dr. 
M. E. Hemler (Dana Farber Cancer Center, Boston, MA) for VLA ft 
(clone p GEM1-P32) (Argraves et al. , 1987) from Dr. E. Ruoslahti (La Jolla 
Cancer Research Institute, La Jolla, CA) and for ^-tubulin (clone D0t) 
(Hall et al., 1983) from Dr. D. W. Hall (Dept. of Biochemistry, New York 
University, New York), 

Results 

When seeded into collagen I gels, fibroblasts contract and re- 
organize the collagen leading to the formation of a dense "in- 
terstitial connective tissue" For our studies, adult human 
dermal fibroblasts were seeded at a density of 2 x 10 5 
cells/ml into gels containing 0.6 mg/ml collagen I which had 
been purified from rat tail tendons. Time course studies 
showed that under this condition contraction of the gels was 
first noticeable after 6-7 h. Most of the contraction, however, 
occurred between 12 and 48 h and after 72-80 h the process 
was completed. A representative experiment is shown in 
Fig. 1. 

First, we compared the synthesis of integrins in fibroblast 
monolayer cultures with that of split cultures which had been 
seeded into the gels. Cells were metabolically labeled with 


The Journal of Cell Biology, Volume 115, 1991 


1428 



Figure 1. Contraction of collagen I gels by 
human adult fibroblasts (H-45). Three col- 
lagen I gel cultures (2 ml) of 2 x 10 3 hu- 
man adult fibroblasts (H-45) were prepared 
in 35-mm bacteriological petri dishes. Cul- 
tures were photographed at different times 
after culture initiation. From left to right: 6, 
18, 48 h. 


[ 35 S]methionine for 16 h, starting 24 h after culture initia- 
tion. Synthesis of integrin receptors was assessed by immu- 
noprecipitation from the Con A-bound fractions of NP-40 
cell lysates. mAbs directed to the a r , a 2 -, ot3-, ou-, a 5 -, ov, 
a v , and ft chain of integrins were used. 

Fibroblasts contracting collagen gels showed 10- to 14- 
fold higher synthetic levels of ofejSi than monolayer cultures, 
whereas all other integrins studied were unchanged (txifr, 
ajjSi, asjSi, a<s/3i f a v j8x) or reduced (ouft) (Figs. 2 and 3). It 
was remarkable that the two other ft integrins which are 
known to also bind collagen were unchanged, lb exclude the 
possibility that changes in the glycosylation of integrins led 
to their differential binding to Con A we also irnmunoprecip* 


itated the seven receptors from whole cell lysates of the two 
culture conditions without adsorption to Con A and found 
the same relationship as between the immunoprecipitates 
from the Con A-bound glycoproteins (not shown). Partic- 
ularly, the same 10- to 14-fold increase of the a^i immu- 
noprecipitate in fibroblasts contracting collagen gels was 
observed. Furthermore, the comparison of the immunopre- 
cipitates from whole cell lysates and from the Con A-bound 
fractions by SDS-PAGE revealed the same electrophoretic 
mobility suggesting that there are no major differences in gly- 
cosylation. In respect to c^di, the results were further con- 
firmed by comparative immunoprecipitations from mono- 
layer and gel cultures using three different mAbs (10G11, 


adult fibroblasts 
in collagen gel monolayer 
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Figure 2, Synthesis of inte- 
grins in collagen I gel and 
monolayer cultures of nor- 
mal human fibroblasts. Con 
A-bound fractions of NP-40 
cell lysates from p 5 S]methio- 
nine-labeled parallel cultures 
(H-45) were analyzed by im- 
munoprecipitation and SDS- 
PAGE. The fluorograph shows 
immunoprecipitates obtained 
with different mAbs: (lane 1 ) 
control, normal mouse serum; 
(lane 2) 10G11, anti-a 2 ; Qane 
3) J143, anti-co; Qane 4) 
GoH3, anti-ae; (lane 5) Aj2 t 
anti-0,; (lane 6) LM 142, 
anti-a v ; (lane 7) W6/32, anti- 
HLA class I. 
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figureS. Synthesis tfimegrins 
in collagen I gel and mono- 
layer cultures of normal hu- 
man fibroblasts. Con A-bound 
fractions of NF40 cell hysates 
from [^S]methionine-labeled 
parallel cultures (H-45) were 
analyzed by immnnopiecipita- 
tion and SDS-PAGE. The flu- 
orograph shows immunopre- 
cipitates with different mAbs: 
normal mouse serum (lane 7 ); 
Ts2/7, anti-ai (lane 2); 10G11, 
anti-a 2 (lane 3); B5G10, anti- 
oc4 Qane 4)\ P1D6, anti-a 5 
(lane 5); Aj2, ann-jSj (lane 6); 
and W6/32, anti-HLA class I 
(lane 7). 


Gil4, and 5E8). These mAbs define at least two nonoverlap- 
ping epitopes on die a 2 subunit (unpublished data), lb in- 
sure that the differences of integrin synthesis were not caused 
by other experimental artifacts, we also compared the syn- 
thesis of HLA class I proteins using mAb W6/32 which 
defines a monomorphic determinant of the molecules. No 
change of the synthetic levels of this glycoprotein was notice- 
able under both culture conditions (Figs. 2 and 3). The selec- 
tive induction of a^i synthesis was also seen when fetal 
skin fibroblasts were seeded into collagen lattices. Here, the 
synthetic levels of cl$\ differed in monolayer and gel cul- 
ture by the same ratio 0:10-14) as found for adult fibroblasts 
(not shown). 

Tune course studies were performed to further analyze the 


upregulation of or^i. Adult fibroblasts in "gel culture" were 
metabolically labeled for 6 h at different times after culture 
initiation: it was found that cfeft synthesis was already in- 
creased when cells were labeled 6 h after initiation of the cul- 
tures. High levels of aS\ synthesis were seen at 6-12, 
24-30, and 48-54 h with the peak level between 24-30 or 
48-54 h. Interestingly, at day 5 when gel contraction had 
subsided, the synthetic activity of a$\ was decreased to the 
"baseline" level of monolayer fibroblasts (Fig. 4). HLA class 
I antigens (mAb W6/32) were analyzed in parallel for each 
condition and no change of their synthetic levels was noted 
(not shown). In some fibroblast cell lines, which showed a 
particular high contraction rate, the level of a-3\ synthesis 
already declined 24 h after culture initiation. From these ex- 
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Figure 4. Synthesis of integrin 
az0\ by fibroblasts in gel cul- 
tures. Adult fibroblasts (HAS) 
in collagen I gel culture were 
metabolically labeled for 6 h 

- 2 0 0 at different times after culture 
initiation (0, 6, 24, 48 h, and 
5 d). The synthetic levels of 
O20i were then compared with 

_Q7 that of fibroblast monolayer 
cultures (reg). Cell lysates 
were processed for imrnuno- 
precipitation as described in 
Materials and Methods, (lane 
J ) normal mouse serum, con- 
trol; flane 2) mAb 10G11, 
anti-c*2 chain. 
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Figure 5. Expression of VLA-a 2 by cells in collagen gels and 
monolayers. Tbtal RNA was isolated from fibroblasts (NH-1) grown 
for different times in collagen gels (2-4) and as monolayers (7 ). Tb- 
tal RNA was separated in a denaturing agarose gel containing 1% 
formaldehyde, blotted and hybridized with the radioactively labeled 
cDNA probe specific for VLA-a? (A) and 0-tubulin (B). Positions 
of 18S and 28S RNA markers are indicated. Lane J represents 
mRNA from fibroblasts grown for 24 h as monolayers, lanes 2-4 
roRNA from fibroblasts grown for different times in collagen gels 
(6, 12, and 18 h). 


periments it was concluded that high levels of a^i synthe- 
sis are coincidentally associated with the process of gel con- 
traction. We then analyzed the transcriptional regulation of 
a 2 and & chain expression. mRNA was extracted from 
fibroblast gel cultures at 6, 12, and 18 h of culture and was 
compared with mRNA of monolayer cultures. The transcrip- 
tion rate of the a 2 chain was highly increased after initia- 
tion of gel contraction (Fig. 5). mRNA levels of the fix 
chain were also elevated under the gel culture condition (not 
shown). The difference of the ft chain transcription rates, 
however, under monolayer and gel culture condition was 
significantly smaller than that of the a 2 chain. 


lb address the question of whether the selective induction 
of af20i has functional relevance for gel contraction, we per- 
formed inhibition studies using function blocking mAtfs 
directed against the a 2 , a 3 , a 5 , and ft chain of integrins 
(see Table I). mAb W6/32 directed to HLA class I molecules 
was used as a control antibody. The mAbs were added to the 
gel culture when the fibroblasts were seeded into the gels. 

MAbs 13 and 4B4 which are directed to die ft chain par- 
tially inhibited gel contraction (see also Thble II). Titration 
experiments using antibody concentrations between 0.1 and 
50 /ig/ml revealed that the full inhibitory effect of each of the 
ft chain antibodies was already reached at concentrations 
of 0j6 pg/ml gel. When at, a 3 , and as chain mAbs or mAb 
W6/32 were alone added to the gels (concentrations ranging 
from 1 to 20 pg/ml), no inhibition of gel contraction was ob- 
served. Also, the combination of the a 2 chain mAb 5E8 
with a 3 chain mAb P1B5 revealed no inhibitory effect. 

We then studied the possibility of synergistic effects be- 
tween ft and a chain mAbs. For this purpose, ft chain 
mAbs were used either at a suboptimal concentration of 0.4 
/ig/ml or at an optimal inhibitory concentration of 2.S fig/vol 
and were combined with difierent a chain mAbs (2.5 /ig/ml) 
or mAb W6/32 (2.5 fig/val). The a 2 chain mAb 5E8 in con- 
junction with one of the anti-ft chain reagents further aug- 
mented the partial inhibition of gel contraction which was 
exerted by the ft chain mAbs alone. This synergistic effect 
could also be demonstrated when another a 2 chain mAb 
(P1E6) was used. The a 3 chain mAb P1B5, the a 5 chain 
mAb 16, however, and mAb W6/32 had no augmentory effect 
in combination with ft chain mAbs. A representative ex- 
periment is shown in Table n. From these experiments we 


Table //. Influence of mAbs on Collagen I Gel Contraction 
by Adult Human Skin Fibroblasts 



Gel diameter (area) 

♦ 

mAb 

18 h 

24 h 

48 h 

0 

HLA class I 
a s chain 
a 2 chain 

8 (0,50) 

8 (0,50) 

9 (0,64) 
8 (0,50) 

7 (0,38) 

7 (0,38) 

8 (0,50) 
7 (0,38) 

7 (0,38) 

7 (0,38) 

8 (0,50) 
7 (0,38) 

0i chain (low cone) 
Pi chain plus HLA class I 
ft chain plus as chain 
ft chain plus a 2 chain 

10 (0,79) 
10 (0,79) 
14 (1,54) 
25 (4,91) 

9 (0,64) 
10 (0,79) 

10 (0,79) 
16 (2.01) 

0 (0,64) 
10 (0,79) 

9 (0,64) 
15 (1,77) 

ft chain (high cone) 
ft chain plus HLA class I 
ft chain plus a 3 chain 
ft chain plus a 2 chain 

27 (5,72) 
23 (4,15) 
22 (3,80) 
29 (6,60) 

15 (1,77) 
15 (1,77) 
15 (1,77) 
20 (3,14) 

15 (1,77) 
15 (1,77) 
15 (1,77) 
20 (3,14) 

a 2 chain plus as chain 
a 2 chain plus HLA class I 

11 (0,95) 
10 (0,79) 

8 (0,50) 
8 (0,50) 

nd 
nd 


Experiments were performed is 35-mm Petri dishes. 4 x 10 5 fibroblasts 
(H-45) were seeded into 2 ml of gel containing 1.2 mg collagen 1. The inner 
diameter of the dishes was 30 mm. Gel diameters were measured with a ruler. 
The area of an uncontracted finii»gwn gel was 7.07 cm 3 . Different mAbs were 
added to the gels during preparation. The mAb concentration was 2.5 jig/ml 
gel for all mAbs except the function blocking & chain antibody 4B4, which 
was used either at a low concentration resulting in a marginal suboptunal in- 
hibitory effect (0.4 jig/ml gel) or at a high concentration providing optimal in- 
hibition (2.5 /xg/ml gel). HLA class 1 mAb (W6V32); anti-otj chain mAb, 
which blocks function (mAb 16); anti-cn chain mAb, which blocks function 
(5E8). nd, not done; 0, no mAb was added. 
* gel diameter (area) in mm (cm 3 ). 
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Table Ul Contraction of Hydrated Collagen I Lattices 
by Human Melanoma Cells, Normal Melanocytes 
and Fibroblasts* 




48 h 

96b 

Melanomas 

MYj 


WJ \}J t fy) 


BLM 

13 (1,33) 

10 (0,79) 


530 

n.c. 

n.c. 


IF6 

n.c. 

n.c. 


Mewo 

n.c. 

34(9,07) 


SK-Md-13 

40 (12,56) 

33 (8,55) 


SK-Mel-19 

n.c. 

n.c. 


SK-Mel-29 

n.c. 

40 (12,56) 


SK-Mel-113 

n.c. 

n.c. 

Melanocyte cultures 

M.LM 

n.c. 

n.c. 


M.SD 

n.c. 

n.c. 


M.RF 

n.c. 

n.c. 


M.HF 

a.c. 

n.c. 

Fibroblasts 

IM5 

12 (1,13) 

10 (0,79) 


H-EK 

10 (0,79) 

10 (0,79) 


H-50 

12 (1,13) 

11 (0,95) 


H-63 

9 (0,64) 

9 (0,64) 


NH-1 

8 (0,50) 

8 (0,50) 


MU-2 

8 (0,50) 

8 (0,50) 


F135-60-86 skin 

8 (0,50) 

8 (0,50) 


* Experiments were performed in 60-mm petri dishes (inner area 23.7 cm 2 ), 
n.c, no contraction. 1.2 x 10 s fibroblasts were seeded into 5 ml of gel con- 
taining 3-mg collagen I. The experiments were read after 48 and 96 h. Gel di- 
ameters were measured with a ruler. 
t Gel diameter (area) in mm (cm 2 ). 


concluded that the c*20t complex is of functional relevance 
for the gel contraction fay fibroblasts. 

Ib further study the involvement of a^i in the reorgani- 
zation of collagen I fibrils we chose another cell system and 
tested human melanoma cell lines and normal melanocyte 
cultures for their ability to contract collagen gels. This cell 
type appeared particularly interesting, since it has recently 
been found that a 2 0i is differentially expressed in normal 
and transformed melanocyte cells in vitro and is associated 
with tumor progression in vivo (Klein et al. , 1991). Five out 
of nine melanoma cell lines were able to contract collagen 
I gels, whereas normal melanocytes were not (Table HI). The 
contraction rate was significantly lower than that of diploid 
fibroblasts with the exception of the lines MV3 and BLM 
which contracted the gels with almost the same efficiency as 
fibroblasts. Two melanoma lines, MV3 and 530, were 
selected for further study and served as examples for con- 
tracting and noncontracting cells, respectively. First, we 
compared the synthesis of several integrins in monolayer cul- 
ture. MV3 cells showed higher synthetic levels of ai0i, 
cofr, and cuf$\ than 530 (Fig. 6). O£ 5 0i and a«0t were ex- 
pressed at very low and intermediate levels, respectively, in 
both lines (Fig. 6) whereas ai0i was not detectable (not 
shown). When seeded in collagen gels, MV3 cells revealed 
a significant induction of a^i synthesis in comparison to 
die monolayer cultures (Fig. 6). Density scanning of the 
fluorographs showed a four- to eightfold increase. Other 
integrins were unchanged (as0i, c*y0i) or reduced (otjft, 
ou£i, G£60i). The same results were obtained when the other 
"contracting" cell line BLM was studied. In contrast, upregu- 


lation of o£20i synthesis in gel culture was not seen in the 
"noncontracting" line 530 (Fig. 6). 

Tb further link collagen gel contraction to cdSi function, 
we tried to block the contraction by MV3 cells with anti- 
aS\ mAbs. Again, function blocking mAbs directed to the 
Ob, a 3 , and a* chain of integrins as well as the control mAb 
W6/32 were used alone or in combination with blocking 
mAbs directed to the ft chain. Here, it was found that the 
anti-a 2 chain mAb 5E8 alone inhibited gel contraction (Ta- 
ble IV and Fig. 7). However, complete inhibition was tran- 
sient and the cells had partially overcome the inhibition after 
48 h. Long lasting complete inhibition was not accomplished 
even at antibody concentrations of 50 jig/ml gel. Also, anti- 
0, chain mAbs alone (4B4 or 13) achieved Ml inhibition 
for a short time period only (Table IV). Hie anti-a 3 and a 3 
chain mAbs P1B5 and 16, respectively, as well as control 
mAb W6/32 had no effect. However, when mAb 5E8 (anti- 
cs) (2.5 Ag/ml) was added to the gel culture in combination 
with mAbs 4B4 or 13 (anti-00 a long lasting complete inhi- 
bition of gel contraction was observed (Table IV and Fig. 7). 
The inhibition could not be overcome by the cells even after 
a culture period of 5 d without any further addition of mAbs. 
In normal diploid fibroblasts, complete inhibition had not 
been observed. Metabolic labeling of the "long-term in- 
hibited" melanoma cultures with PS] methionine showed 
that the cells had retained their metabolic activity with pro- 
tein synthesis levels as high as in 24 h gel cultures (not 
shown). The differential inhibitory effect of function block- 
ing anti-a 2 and 0i chain mAbs was confirmed in five ex- 
periments in which the influence of the mAbs on the con- 
traction by fibroblasts and melanoma cells was studied in 
parallel. 

Discussion 

In this study, we investigated the involvement of integrin 
receptors in the reorganization of collagen I by human 
fibroblasts and melanoma cells. Among the three known 
collagen-binding integrins of the 0i subfamily (cdfr, <xifi u 
and a$\) only ct-Sx was strongly upregulated in both cell 
types during gel contraction. The elevation in aS\ synthe- 
sis was closely associated with the contraction process and 
returned to baseline levels after contraction had subsided. 
Moreover, the induction of a-3\ was also demonstrable in 
the transcriptional level. 

Inhibition studies using mAbs which block ligand binding 
or function of 0i integrins, revealed that the combination of 
anti-a 2 chain with anti-ft chain mAbs was most effective in 
inhibiting gel contraction. The comparison of the two cell 
types in respect to the inhibitory effect showed that these 
mAbs can block gel retraction of normal fibroblasts only 
partially whereas full- and long-lasting inhibition can be 
achieved in some melanoma cell lines (MV3 and BLM) . This 
finding suggests that in fibroblasts, collagen receptors other 
than a20i or collagen receptor independent mechanisms 
contribute to this process. For instance, the ai0i receptor 
which was synthesized in fibroblasts at low to intermediate 
levels could be involved. Since function blocking anti-ai 
chain mAbs were not available to us we could not exclude 
this possibility. In contrast to ctj0i, however, od0i synthesis 
was not increased during gel contraction. The third collagen 
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Figure 6. Synthesis of inte- 
grals in collagen I gel and 
monolayer cultures of two 
melanoma cell lines MV3 and 
530. Con A-bound fractions 
of NF-40 cell lysates from 
[ 35 S]methionine-labeled par- 
allel cultures were analyzed 
by immunoprecipitation and 
SDS-PAGE. The fluorographs 
show immunoprecipitates ob- 
tained with different mAbs: 
normal mouse serum (lane 1 ); 
A-l-43, anti-a 2 (lane 2); J143, 
anti-a 3 (lane J); P4G9, anti- 
cs Oane 4); P1D6, anti-a 5 
(lane 5); GoH3 anti-a* (lane 

6) ; and LM142, anti-a v (lane 

7) . Asterisk indicate the 0:2ft 
irnmunoprecipitate. Note, that 
ct2&\ synthesis is strongly up- 
regulated in gel cultures of 
MV3 cells which are able to 
contract the gels but not in 
530 cells. 


binding integrin or 3 /Si appears not involved in gel contrac- 
tion of fibroblasts. This is based on our observation that 
cr 3 ft was synthesized at low levels and was not upregulated 
under gel culture conditions. More importantly, the anti-a 3 
chain mAb P1B5 did not interfere with the contraction 
process. 

In melanoma cells, gel contraction was completely 
blocked by the combination of anti-a 2 and anti-ft chain 
mAbs suggesting that o^ft is indispensable for the function 
in this cell type. In contrast to fibroblasts in which anti-a 2 
chain mAbs alone had no inhibitory effect on gel contrac- 
tion, the addition of anti-a 2 chain mAbs to melanoma cells 
resulted in partial inhibition of gel contraction. Pull inhibi- 
tion, however, could not be achieved with anti-a 2 chain 
mAbs alone even at high mAb concentrations. Interestingly, 
also anti-ft chain mAbs were alone incapable of a full- and 
long-lasting inhibitory effect on gel retraction by melanoma 
cells. This indicates that at least two extracellular domains, 
one on the a 2 and one on the ft chain are involved in this 
function. Since the binding of cells to collagen can efficiently 
be blocked by the anti-a 2 chain mAbs used (5E8» Bankert, 


unpublished results, and P1E6, Wayner et al. , 1988), the re- 
quirement of a second epitope on the ft chain for full inhi- 
bition possibly indicates that the prevention of collagen bind- 
ing to ajft is not the only crucial aspect of integrin 
function in this process. 

The view that a 2 ft is the collagen-binding integrin pri- 
marily involved in collagen gel reorganization by melanoma 
cells is further underscored by our observations: (a) that 
aift is not synthesized by the melanoma lines which were 
used in gel contraction assays; (b) that the synthetic levels 
of asft are reduced during gel culture; (c) and that the 
function-blocking anti-a 3 chain mAb P1B5 has no inhibi- 
tory effect. 

Very recently, evidence has been provided that cellular 
fibronectin (cFN) has an important role for the reorganiza- 
tion of collagen I gels by fibroblasts (Asaga et al., 1991). It 
was suggested that cFN on the cell surface mediates gel con- 
traction by binding to collagen I via its collagen binding do- 
main. No evidence, however, was provided, which cellular 
receptor binds cFN under this condition. Possible candidates 
are the "classical" fibronectin receptor 0:5ft, the integrin 
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Table IV. Influence ofmAb on Collagen I Gel Contraction 
by Human Melanoma Cells 



Gel diameter (area)* 

mAb 

18 h 

24h 

48 h 

0 

HLA class I 
ct$ chain 
a 2 chain 

21 (3.46) 

24 (4.52) 

25 (4.91) 
30 (7.07) 

13 (I 33) 

12 (1.13) 

13 (1.33) 
30 (7.07) 

10 (0.79) 
10 (0.79) 
10 (0.79) 
15 (1.77) 

0i chain (low cone.) 
fit chain plus HLA class I 
0i chain plus a* chain 
ft chain plus ct 2 chain 

28 (6.15) 
27 (5.72) 
30 (7.07) 

Oft /I 
*U ^J. 14; 

20(3.14) 
18 (2.54) 
30 a. 07) 

IU (U. /V) 

10 (0.79) 
10 (0.79) 
30 (7.07) 

ft chain (high cone.) 
ft chain plus HLA class I 
0t chain plus a 5 chain 
0! chain plus ct 2 chain 

30 (7.07) 
30 (7.07) 
30 (7.07) 
30 (7.07) 

20(3.14) 
27 (5.72) 
26 (5.31) 
30 (7.07) 

12 (1.13) 
12 (1.13) 
12 (1.13) 
30 (7.07) 


Experiments were performed in 35-nm Petri dishes. 4 x 10* MV3 melanoma 
cells were seeded into 2 ml of gel containing 1 .2 mg collagen I. The inner di- 
ameter of the dishes was 30 mm. Gel diameters were measured with a ruler. 
The area of an anconcentrated collagen gel was 7.07 cm 3 . Different raAbs 
were added to the gels during preparation. The mAb concentration was 2.5 
fig/ml gel for all mAbs except the function blocking 0| chain mAb 4B4, 
which was used at a low concentration resulting in marginal inhibition (0.4 
pg/ml gel) or at the high concentration providing optimal inhibition (2.5 
pg/ml gel). HLA class I mAb (W6/32); a 5 chain mAb, which blocks function 
(mAb 16); aj chain mAb, which blocks function (5E8). 0, no mAb was 
added. 

* Gel diameter (area) in mm (cm 2 ). 


ouPi which binds to the CS-1 region of fibronectin (Wayner 
et al., 1989), and the "multifunctional" receptor a 3 £i. An 
involvement of ouft is unlikely, because it was clearly 
downregulated during gel contraction. Also ots&i and a 3 jS t 
are probably not involved since mAbs interfering with or s 
and a 3 chain function showed no inhibitory effect on gel 
contraction. Because interference with a^i led to partial 
inhibition of collagen gel contraction and because there is no 
direct evidence for the involvement of other collagen recep- 
tors, one has to take into consideration that collagen recep- 
tor independent mechanisms mediated by cFN take a sub- 
stantial part in the reorganization of collagen I by fibroblasts. 

The contraction of collagen gels by cultured fibroblasts is 
considered to reflect an important aspect of the wound heal- 
ing process. Our finding that the human a^i is upregulated 
during this process now directs attention to a possible role 
for wound healing in vivo. Here, immunohistological studies 
of healing wounds will be helpful in addressing this issue. 
Moreover, the availability of function blocking mAbs 
directed to the a 2 and j3 t chains of mouse integrins or other 
mammalian species will enable scientists to analyze whether 
the antibodies interfere with wound healing processes in ani- 
mal models. 

Recent studies of a$ and ft chain expression in healing 
porcine wounds led to the observation that the fibronectin 
receptor orsft is expressed fay fibroblasts during an inter- 
mediate stage of wound healing just before wound contrac- 
tion (Welch et al., 1989; Clark, 1990). Based on these find- 
ings, the concept was put forward that ajfr is functionally 
relevant for wound contraction in vivo. The results of the 
study presented here suggest that— at least under in vitro 
conditions in which collagen I is the only extracellular ma- 
trix protein provided— a^i function is irrelevant for colla- 


gen gel contraction. This is based on the observations that 
anti-a 3 chain mAbs did not influence the gel contraction 
rate of fibroblasts and that the synthetic levels of a 3 j3i were 
unchanged. 

In the second part of this study we investigated the ability 
of melanoma cell lines to contract collagen gels and the role 
of <*20i in respect to this process. Five out of nine mela- 
noma cell lines contracted collagen gels. Most of these were 
relatively ineffective in contracting gels when compared to 
normal fetal or adult fibroblasts. However, two melanoma 
cell lines (MV3 and BLM) demonstrated contraction effi- 
ciencies comparable to that of fibroblasts whereas normal 
melanocytes were not able to reorganize gels. These two 
lines were recently established in an effort to obtain human 
melanoma cells, which are highly aggressive after transplan- 
tation in immunocompromised mice. Both cell lines gener- 
ated metastases at high frequency in nu/nu mice after subcu- 
taneous inoculation (van Muijen et al. , 1989, 1991). We have 
found that these cells strongly upregulate ajii when seeded 
into collagen I gels. The view that the upregulauon of cfcjSi 
is a critical prerequisite for gel contraction is further sup- 
ported fay our observation that the melanoma line 530 which 
was not capable to contract gels, did not increase a 2 0i syn- 
thesis in gel culture. Interestingly, 530 was also not capable 
of forming lung metastases in nu/nu mice (van Muijen, per- 
sonal communication). These observations point to an in- 
teresting association of the ability of melanoma cells to con- 
tract collagen I gels with their metastatic potential. The link 
between the two phenomena possibly represents the ability 
to upregulate c^fr expression. Furthermore, it is likely, 
that die ability of remodelling connective tissue in itself pro- 
vides substantial advantages for melanoma cells during tu- 
mor progression. 

Several recent observations strengthen the concept that in- 
creased expression of ai$\ is associated with malignant 
transformation and that a^i -mediated functions favor tu- 
mor progression. We have recently demonstrated that a pre- 
viously characterized tumor progression antigen, which is 
expressed at increased frequency in primary melanomas and 
melanoma metastases relative to benign melanocyte lesions 
is identical to the integrin ajii (Klein et al., 1991). R A. 
Chen et al. (1991) found that human lung tumors (non-small 
cell lung cancer) express at least twenty times more integrin 
a 2 chain message than normal adult lung tissue. Further- 
more, Yamada et al. (1990) reported that mAbs directed to 
the a 2 chain of integrins strongly inhibited migration of tu- 
mor cells in three-dimensional collagen gels. Moreover, 
transfection and overexpression of the human ctt&i integrin 
leads to an increased metastatic potential of the recipient 
cells (Chan et al., 1991). 

The results of our present study further support the as- 
sumption that the ability to express and upregulate a 2 j3i is 
an important feature in the reorganization of the connective 
tissue during wound healing but also plays a critical role for 
tissue invasion and metastasis of tumor cells. 
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Integrin al is a receptor for laminin and collagen which is expressed widely and dynamically in embryogenesis and has 
been implicated in various developmental processes including establishment of the placenta and formation of the central 
and peripheral nervous system. In the adult it is the sole collagen receptor in smooth muscle and liver and is thought to 
be important for the stability of these tissues. We have generated a null allele of the al gene in the germline of mice by 
homologous recombination in embryonic stem cells. Mice homozygous for the mutation are viable and fertile and have 
no overt phenotype, demonstrating that the molecule is not required for development. Embryonic fibroblasts derived from 
mutant animals are unable to spread on or migrate into substrata of collagen IV and are deficient in spreading on and 
migrating into laminin. Further in vitro analysis of cell spreading and migration suggests that a I pi is not required for 
binding to collagen I and implicates a third receptor, possibly integrin a3/31, in collagen I binding. © 1996 Academic Press, inc. 


INTRODUCTION 

The integrins are a group of heterodimeric transmem- 
brane proteins responsible for binding extracellular matrix 
ligands as well as communicating signals from the matrix 
to the cytoskeleton and various intracellular signal trans- 
duction pathways (Hynes, 1992; Ruoslahti, 1991). An inte- 
grin heterodimer consists of an a and a P subunit. In mam- 
mals there are at least 8 P and 14 a subunits, and their 
various combinations give rise to a great variety of hetero- 
dimers, which differ both in their ligand specificity and in 
the signals they can transduce to the cytoplasm. In general, 
it is the a subunit which dictates the ligand specificity of an 
integrin while the P subunit cytoplasmic terminus interacts 
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with the cytoskeleton and with proteins involved in signal 
transduction. Integrins have a central role in the mainte- 
nance of the integrity of the organism. They control cell 
shape and interaction with extracellular proteins, confer 
anchorage dependence for cell survival and division, and are 
crucial for events of cell migration in development, repair, 
and other physiological necessities such as blood clotting. 
The pi family of integrins supplies most of the mechanical 
attachment to extracellular matrix molecules, and absence 
of the pi subunit is lethal to embryos prior to implantation 
(Fassler and Meyer, 1995). Various individual members of 
the pi family have been shown to be of importance in em- 
bryonic development, by mutation of either the a subunits 
or their ligands. Targeted deletions of a4, a5, and of one of 
their ligands, fibronectin (George er al, 1993; Yang et al, 
1993, 1995), have caused embryonic death. While targeted 
deletions of the collagen- and laminin-binding heterodimers 
have not been reported hitherto, the importance of their 
ligands has been emphasized by genetic analysis. Ablation 
of transcription of the collagen I gene collAl by retroviral 
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insertion is lethal to mouse embryos around Day 13 
(Schnieke et al, 1983) and some collagen IV mutations are 
embryonic lethals in Caenorhabditis elegans (Olsen, 1995). 
Targeted deletion of S-Laminin (Noakes et al, 1995) causes 
glomerulonephritis and aberrant neuromuscular junction 
formation, while a naturally occurring mouse mutant lack- 
ing Merosin develops muscular dystrophy (Xu etal., 1994). 

Integrin al was first identified as the largest of a series 
of very late antigens (VLAs) expressed in vitro by T cells 
(Hemler etal, 1984, 1987). It has been cloned in rat (Ignatius 
et al, 1990) and human (Briesewitz et al, 1993) and the 
two proteins show a greater than 90% identity. The al 
chain is 1152 residues long, with a 15-amino-acid cyto- 
plasmic C-terminus. In common with integrin a2, and the a 
partners of the @2 integrins, it has an extracellular I domain, 
which has been demonstrated to be crucial for binding activ- 
ity (Kern etal, 1994). Integrin al has only one known part- 
ner, 01, and the a 1/31 heterodimer is a receptor forcollagens 
and laminins (Belkin et al, 1990; Colognato-Pyke et al, 
1995; Kramer and Marks, 1989; Kuhn and Eble, 1994; Igna- 
tius and Reichardt, 1988; Tawil etal., 1990). On collagen I 
a 1/31 has two sites of attachment, one in the CB8 fragment 
and the other inCB3 (Gullberg et al, 1992) while onlaminin 
the binding site is in domain VI of the short arm of the a 
chain (Colognato-Pyke etal, 1995). The site of al/?l bind- 
ing on collagen IV is striking in that it consists of three 
residues, each of which is on a different chain of the triple 
helical portion of the molecule, namely Asp 461 of both a 
chains and Arg 461 of the @ chain (Kuhn and Eble, 1994), 
which may account for the lack of small peptides known 
to inhibit al function. 

Expression of al in the adult animal is predominantly 
mesenchymal and quite distinct from the predominantly 
epithelial collagen receptor a2 (Wu and Santoro, 1994). al 
is found in visceral and some vascular smooth muscle (Bel- 
kin et al, 1990; Glukhova et al, 1993), the liver (Gullberg 
et al, 1990), microvascular endothelium (Defilippi et al, 
1991), glomerular mesangium (Korhonen et al, 1990a,b), 
the myoepithelium of the mammary gland (Glukhova et 
al, 1995) chondrocytes (Loeser et al, 1995), and is absent 
from epithelia. During development, al has a very dynamic 
pattern of expression. It is first seen at the leading edge of 
invading trophoblast shortly after implantation (Sutherland 
et al, 1993), and antibody blockade of al inhibits tropho- 
blast invasion in vitro (Damsky et al, 1994). During early 
to mid embryogenesis al is expressed transiently by neu- 
rons of the CNS (Duband etal, 1992), by maturing skeletal 
and cardiac muscle (Terracio etal, 1991), in the skin (Hertle 
et al, 1991), throughout the developing kidney (Korhonen 
et al, 1990a), and in neural crest cells as they mature to 
dorsal root ganglia (Duband et al, 1992). In vitro, it has been 
found to be important for neurite outgrowth on laminin 
(Tomaselli et al, 1993) and neural crest cell attachment to 
collagen (Perris et al, 1993). Neural crest cell attachment 
to laminin can be inhibited by antisense oligonucleotides 
toal mRNA (Lallier and Bronner-Fraser, 1993). 


Various growth factors have been shown to regulate al 
expression, including NGF (Rossino et al, 1990), TGF/3 
(Serra etal, 1994), PDGF (Janat etal, 1992), and TNF (De- 
filippi etal, 1991). Conversely, TNF secretion in activated 
T cells can be induced by collagen binding via al (Miyake 
et al, 1994). Expression of al integrin is also altered in 
various disease states. Macrovascular endothelium, such as 
that of the aorta, usually does not express al, but does do 
so after injury (Defilippi et al, 1991). al is absent from 
lymphocytes of the peripheral blood; it is, however, pro- 
duced by CD8 cells in the synovium of patients afflicted 
with rheumatoid arthritis (Hemler et al, 1986; Hemler and 
Jacobson, 1987) and upregulated in intraepithelial and lam- 
ina propria gut lymphocytes in graft versus host disease 
(Tanaka et al, 1995). al is upregulated in the chondrocytes 
of osteoarthritics (Loeser et al, 1995). In contrast to a2, al 
is not seen in normal skin or after cutaneous injury (Juhasz 
et al, 1993). Dysregulation of al has also been reported in 
various cancers. The molecule is upregulated in a propor- 
tion of bladder carcinomas (Liebert et al, 1994) and in the 
malignant lymphocytes of the epidermotrophic lymphoma 
mycosis fungoides (Sterry et al, 1992). Downregulation of 
integrin al has been described in the smooth muscle cells 
of leiomyosarcomata (Mechtersheimer et al, 1994) and is 
also a common finding in small cell cancer of the lung 
(Suzuki et al, 1993), adenocarcinoma of the lung (Roussel 
et al, 1994), and nodal metastatic breast cancer (Gui et 
al, 1995). Furthermore, TGF£ suppresses the transformed 
phenotype of ras transformed hepatocytes by causing an 
upregulation of al (Serra et al, 1994). 

This evidence suggests that integrin a 1/31 may have many 
different functions. In development its importance might 
be as an aid to cellular migration or even in the induction of 
a differentiated state when cells have found the appropriate 
extracellular milieu. In the adult it might be expected to 
provide structural integrity to various tissues, particularly 
liver and smooth muscle, where it is the sole collagen recep- 
tor. In disease, a 1/31 is dysregulated in cells which have in 
common a requirement for migration. It was therefore a 
promising target for deletion by homologous recombina- 
tion, as the first step in dissection of cellular interactions 
with laminin and collagen in vivo. In this paper we describe 
the phenotype of al deficient mice. 

MATERIALS AND METHODS 

Cloning of Mouse al Genomic Sequence and 
Preparation of the Targeting Construct 

A 1.8-kb human integrin al cDNA (gift of E. Marcantonio) 
(Briesewitz et al, 1993) was used to probe a mouse cDNA library. 
Three overlapping cDNA clones were isolated, sequenced, and 
found to extend 800 bp from the 5' UTR to the I domain of integrin 
al. They showed greater than 95% homology to the rat a-1 se- 
quence (Ignatius et al, 1990). The 5' cDNA was used to isolate a 
9-kb genomic fragment from a 129/sv genomic library. The latter 
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was mapped and partial sequencing revealed two exons near the N 
terminus, the 5' one of which had a unique Clal site. Fragments 
of the genomic clone were inserted to flank a pgkneo polyA cassette 
(Rudnicki et al, 1992) to give the plasmid pNCNeoCT such that 
the neo cassette was inserted at the Clal site of the genomic se- 
quence, in reverse orientation (Fig. 1A, plasmid). This plasmid was 
cleaved with SacI and Xhol and ligated in a three-part reaction with 
the large Xho/Hindlll fragment of pMClTKpolyA (to supply a TK 
gene for counterselection (Mansour et al, 1988)) and pUC19 
cleaved with SacI and Hindlll, to give the transfection construct 
pJKal. 


Transfection ofES Cells 

Two independent transfections of 7 x 10 7 Jl cells were made. 
Each transfection used 25 //g pJKal linearized at the unique Xhol 
site. Transfections were performed by electroporation using a Bio- 
Rad Gene Pulser with a 0.4-cm cuvette at 250 V, 25 ^F, in a volume 
of 0.7 ml, in electroporation buffer (Li etal, 1992). These conditions 
gave a time constant of 4-5. Each transfection was immediately 
plated onto five 10-cm dishes of neo-resistant irradiated embryonic 
fibroblasts in ES medium (Li et al, 1992) supplemented with 500 
U/ml LIF (Gibco). Selection consisting of 170 //g/ml G418 + 0.2 
^MFIAU was added at 24 hr. Selective medium was changed daily. 
One dish from each electroporation was selected with G418 only. 
Colonies were picked at 9 or 10 days, and expanded in 24-well 
plates in the same medium. When wells neared confluence, they 
were trypsinised and half the cells were frozen in 10% FCS, 10% 
DMSO. The remaining cells were expanded to confluence and used 
for DNA preparation (Laird etal, 1991). 


Chimeras 

Homologously targeted recombinant clones were thawed and ex- 
panded in nonselective ES medium with 500 U/ml LIF, Cells were 
injected into E3.5 BALB/C blastocysts at 10-15 cells per injection. 
Embryos were transferred into E 2.5 pseudopregnant Swiss Webster 
fosters, at 8- 10 blastocysts per uterine horn. Coat color chimeras 
were mated to BALB/C dams. 


Genotyping of Offspring 

Tail DNA was prepared as according to Laird etal (1991). Tail 
DNA was subjected to PCR in 20 yX reaction volume with 1.25 
mMMgCl 2 and 1 pmole///l each primer using a mix of three prim- 
ers. Primer sequences were as follows: w (wild type) 5' gttgttctattt- 
ttgtagttaac 3'; k (knockout) 5' ggggaacttcctgactag 3'; and c (com- 
mon) 5' aatcctccattcgggttggtg 3'. DNA was initially denatured for 
3 min at 95°C, followed by 32 cycles of: 95°C, 30s, 55°C, 1 min, 
72°C, 2 min. The reaction was run on 1.5% agarose and gave a 103- 
bp wild-type band and/or a 273-bp ko band. 


Isolation of Cells from Embryonic 
and Adult Tissue 

Embryonic fibroblasts (EFs) were obtained from E14.5 embryos 
according to the method of Li et al (1992). Smooth muscle cells 
(SMCs) were obtained from adult uteri by the method of Erulkar et 


al. (1994). EFs were transformed by infection with SV40 containing 
retrovirus as described by Mann et al. (1983). 


Cell Spreading Studies 

Cell spreading assays were performed essentially as described 
(Gardner eta7„ 1994). Briefly, 24-well plates were coated with 0.5 
ml/well collagen I or IV (Sigma) or laminin (EHS laminin, Gibco) 
at the indicated concentrations in PBS+, or with FCS, for 4 hr at 
37°C and subsequently blocked with 10% BSA (Fraction V, Sigma) 
for 2 - 12 hr before plating. Cells were washed twice in DME/0.1% 
BSA and plated at 50-100,000 per well in the same medium. When 
antibodies were used, 1/10 volume of antibody was added as hybrid- 
oma culture supernatant (anti-a 1 , a2, and/31, hamster anti-rat, gifts 
of Donna Mendrick) and the cells were incubated on ice for 30 min 
prior to plating. At 1 hr, two random fields at 200 x magnification 
near the center of the well were counted. Round, refractile cells 
were counted as unspread, while flatter cells with cytoplasmic ex- 
tensions were counted as spread. Spread cells in each field were 
expressed as a percentage of the total. Results are expressed as the 
average percentage of spread cells in the two independent wells, 
while error bars indicate the higher value. 


Cell Migration Assay 

Migration assays were performed as described (Pasqualini and 
Hemler, 1994). Briefly, modified Boyden chambers with 8-//m 
membrane perforations (Costar 3422) were coated on the underside 
with 40 iA of collagen I, collagen IV, or laminin at the indicated 
concentrations in PBS+, or with FCS, and incubated for 1 hr at 
room temperature under laminar flow. They were blocked with 
10% BSA in PBS+ under the same conditions, and then rinsed in 
the well with DME/0.1% BSA. They were transferred to new wells 
containing 600 //l of the same medium. Cells (50,000) were added 
to the upper chamber in a 100-//1 volume of DME/0.1% BSA/2% 
FCS, and the plate was incubated at 37°C for 5 hr. When antibodies 
were used, 1/10 volume of antibody was added to the cells 30 min 
before addition to the well. Inserts were removed, fixed in methanol 
for 5 min, and stained with Giemsa for 5 min, and the membranes 
were detached and placed on glass slides, underside down. The 
upper side of the membrane was wiped free of cells, and cells on 
the underside were counted at lOx objective magnification. Four 
random fields were counted for each membrane. Results are ex- 
pressed as the mean of two independent experiments, with the 
error bar indicating the higher value. 


Imm unoprecipita tion 

Cells were trypsinised, washed, and labeled with NHS LC biotin 
(Pierce), according to manufacturer's instructions. Cell lysates and 
immunoprecipitations were prepared as according to Yang et al. 
(1993). Lysates were separated on 6% SDS acrylamide gels and 
transferred to nitrocellulose (Amersham). Biotinylated proteins 
were visualized with the Vectastain elite ABC kit (Vector Labs) and 
Amersham ECL reagents (Amersham) according to manufacturers' 
instructions The anti-/?-l antibody K363 was a gift of Joy Yang. 
Anti-cytoplasmic peptide antisera to integrins al, a2, and a3 were 
a gift of Guido Tarone. 
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Immunohistochemistry 

Immunohistochemistry was performed on air-dried acetone -fixed 
7-//m frozen sections using hamster anti-rat monoclonal anti-al 
and anti-«2 antibodies (a gift of Donna Mendrick), or polyclonal 
rabbit anti-mouse <x2 (gift of S. Santoro). Sections were preincubated 
in 3% BSA/PBS (monoclonals) or 10% goat serum/PBS (rabbit). Sec- 
ondary antibody was biotinylated goat anti-hamster (CalTag) di- 
luted 1 : 100 in 3% BSA/PBS/5% goat serum, or GARIG (Vector Labs, 
according to manufacturer's instructions). Staining was visualized 
using Vectastain Elite ABC (Vector Labs) and DAB/0.8% NiCl 2 . 
Sections were counterstained with neutral red or methyl green and 
dehydrated. Immunoreactivity of both anti-a2 antibodies was con- 
firmed by positive staining of mouse embryonic epidermis (data 
not shown). 


RESULTS 

Targeted Mutation of the Integrin al Gene by 
Homologous Recombination in Embryonic 
Stem Cells 

The targeting vector containing 8 kb of al genomic se- 
quence (Fig. 1) and a pgkneo polyA cassette inserted in re- 
verse orientation at a unique Cial site (see Materials and 
Methods) was electroporated into passage 8 Jl embryonic 
stem cells (Li et ah, 1992). Two hundred ES cell colonies 
were isolated after lOdays of selection with 125 /ig/mlG418 
and counterselection with 0.2 \iM FIAU. Thirty clones 
showed homologous recombination by Southern analysis 
with a 200-bp external probe (Fig. 1), giving a homologous 
recombination efficiency of 15%. Five clones were injected 
into Balb/c E3.5 blastocysts. One clone gave rise to two 
chimeras which transmitted the targeted allele to the germ- 
line. Offspring were genotyped by PCR (see Materials and 
Methods). Intercrosses of heterozygotes gave rise to viable 
homozygous adults (Fig. 1) with a Mendelian distribution, 
in both mixed BALB/C 129sv and pure 129sv backgrounds 
(data not shown). 

The Targeted Mutation Generated a Null Allele 

In order to determine whether the al gene disruption 
generated a null allele, we analyzed mutant tissue and cells 
by immunohistochemistry and immunoprecipitation. Im- 
munostaining of frozen sections of wild-type and homozy- 
gous mutant gut with a hamster anti-rat monoclonal anti- 
al antibody showed an absence of staining in homozygous 
mutant smooth muscle (Fig. 2). Embryonic fibroblasts (EFs) 
from E14.5 heterozygous and homozygous animals and 
smooth muscle cells (SMCs) from adult wild-type and ho- 
mozygous animals were prepared. Immunoprecipitation of 
lysates of biotin surface labeled EFs was performed with the 
polyclonal anti-£l antiserum K363 (Guan et al. f 1991). The 
200-kDa al band was absent in homozygous EFs (Fig. 3) 
and SMCs. No aberrant bands were seen in immunoprecipi- 
tations of the mutant SMCs as compared to wild type, thus 


making it unlikely that a truncated functional al molecule 
formed a heterodimer withal (Fig. 3). Immunoprecipitation 
of EF lysates with a polyclonal antiserum against the cyto- 
plasmic terminus of al failed to show any band in the mu- 
tants. Immunoprecipitations with antisera to a2 and a3 
confirmed the presence of both molecules in EFs, with no 
obvious upregulation in the al deficient cells. Therefore 
neither a full-length nor a detectable truncated al molecule 
is present in the tissue of homozygotes for the al mutation. 

Mice Lacking a 1 Were Viable and Fecund 

Homozygotes for the knockout allele showed no obvious 
alterations in behavior, size, or fecundity compared to wild- 
type and heterozygous littermates, in either mixed or 129sv 
backgrounds. Nor did they show any anatomic alterations 
at the gross level either during embryogenesis or adulthood 
(not shown). A histological survey showed no changes in 
the brain, heart, striated muscle, gut, lung, liver, kidney, or 
uterus of the mutants at the light microscopic level. Reticu- 
lin and Mallory's trichrome stains of liver showed no 
changes in the quantity or distribution of connective tissue 
in mutant liver (Fig. 4), suggesting that a 1 is not required for 
the correct organization of matrix in this organ. Histological 
analysis of E6 embryos from a homozygous mating showed 
no abnormality in the distribution, polarity, or extent of 
invasion of trophoblast (Fig. 4), suggesting that al is not 
required for trophoblast invasion of the decidua. Homozy- 
gous mutant females had up to six litters of normal size 
and electron micrographs of mutant uterus showed no ab- 
normality in the distribution of basement membranes be- 
tween smooth muscle cells, or endothelial cells of small 
vessels, or in junctions of smooth muscle (Fig. 4). Thus 
our results failed to reveal any deficiency in the connective 
tissue or smooth muscle of al deficient mice. 

Altered Adhesion of Mutant Cells in Vitro 

In order to determine whether the adhesive properties 
of cells lacking integrin al were altered, embryonic fi- 
broblasts and adult uterine smooth muscle cells were as- 
sayed for spreading on extracellular matrix proteins. Ho- 
mozygous mutant EFs showed little spreading on collagen 
type IV 1 hr after plating, in contrast to the heterozygous 
EFs (Fig. 5). What little spreading that was observed was 
prevented by preincubation of the cells with an anti-a2 
antibody. Consistent with this observation, spreading by 
heterozygous EFs was entirely inhibited by anti-al but 
not significantly by anti-a2. Thus, integrin al appears to 
be the primary receptor for collagen IV in EFs. The results 
for SMCs were somewhat different (see Fig. 6). Mutant 
and heterozygote SMCs showed similar spreading on col- 
lagen IV; however, preincubation with anti-a2 antibody 
entirely abrogated spreading on collagen IV in the mutant 
while leaving the wild -type cells essentially unaffected. 
Thus, in cultured smooth muscle cells, both al and a2 
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FIG. 1. (A) The al genomic clone, targeting vector pJKal ("plasmid"), and the expected mutant allele. Thick bars mark the two al exons, 
the 5' one of which contains a unique Cial site, into which is inserted a pgkneo polyA cassette, in reverse orientation, in the targeting 
construct. A TK cassette is present at the 3' flank of the construct. The positions of the PCR genotyping primers w (wild type), k (mutant), 
and c (common) are indicated. Restriction enzymes: H, Hindlll; Sa, Sad; B, BamHl; X, Xhol; S, Sa/I; C, C/al. (B) Representative Southern 
blot of wild type and targeted ES cell clones probed with the Bam- Sac fragment external probe after HindHI digestion. The wild-type 
band is approximately 7 kb and is lengthened to approximately 9 kb after insertion of the pgkneo cassette. (C) Representative PCR 
genotyping of tail DNA. The wild- type allele gives a 103-bp band, and the mutant a 273-bp band. Left bar indicates litter of heterozygous 
Fl male backcrossed to Balb/c; right bar shows the litter of an Fl heterozygote cross. P denotes PCR of the targeting construct. Note the 
presence of three homozygous mutant animals in the litter from the Fl x Fl cross. 


appear to function as collagen IV receptors. Spreading on 
laminin at 10 /ig/ml was similar in heterozygous and null 
EFs, but was reduced 50% by the addition of anti-a2 in 
null EFs. Heterozygous EFs were only slightly affected by 
anti-a2. Combination of anti-al and anti-a2 in heterozy- 
gous cells reduced spreading to that seen in null cells in 
the presence of anti-a2. Thus, al is a significant receptor 
for laminin in EFs. At a lower concentration of laminin 
(1.25 /xg/ml), however, neither heterozygous nor mutant 
EFs showed significant spreading. This contrasted with 
the result seen in SMCs; spreading of wild-type and mu- 
tant SMCs was similar at 10 /ig/ml laminin, but at 1.25 


//g/ml mutant SMCs failed to spread while wild-type cells 
continued to do so. Therefore, al is a receptor for laminin 
in SMCs and appears to be more active as a laminin recep- 
tor when expressed by SMCs than when expressed by EFs. 
This result might reflect a genuine difference in al affin- 
ity, but might equally be due to the presence of other 
laminin receptors on SMCs which we have not examined. 
Spreading of EFs on collagen I was similar in heterozygous 
and mutant cells, even in the presence of anti-a2, which 
partially inhibited the spreading of both heterozygous and 
null EFs. This suggests that there is a third collagen I 
receptor in these cells and that al is not essential for 
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FIG. 3. Immunoprecipitation of surface biotinylated cells. The desig- 
nation a2-v indicates the position of subunits a 2, 3, 4, 5, and v, which 
are not resolved from one another, (fit) Extracts of smooth muscle cells 
from uteri of homozygote null (ko) and wild-type (wt) sibs, immuno- 
precipitated with the anti-^1 antibody K363. This antibody fails to 
co precipitate an al band in the mutant An aberrant band due to a 
truncated a 1 subunit is also not evident. (B) Extracts of embryonic 
fibroblasts from homozygous mutant (ko) and heterozygous (het) El 3. 5 
sibs, immunoprecipitated with K363. Results are similar to those in 
A. (C) Extracts of embryonic fibroblasts as in B, immunoprecipitated 
with anti-al (left two lanes), anti-a2 (middle), and anti-a3 (right), al 
is absent in the mutant cells: a2 and a3 are present and similar in 
both. The anti-a3 does not generate a clear a3 band, but coprecipitates 
similar amounts of 01 in both cells of both genotypes. 


collagen I binding. Thus, al is a receptor for collagen IV 
and laminin and is the primary receptor for collagen IV 
in EFs. 


Altered Migration of Embryonic Fibroblasts into 
ECM Proteins 

Although it is recognized that cell spreading and migra- 
tion are related phenomena, it has also been suggested 
that the av integrins are of primary importance in cell 
migration (Clyman et al, 1992). We wished to test 
whether EFs are required a\p\ for migration into collagen 
IV as well as for spreading on collagen IV, or whether 
another integrin could serve this purpose. We therefore 
employed a modified Boyden chamber haptotaxis assay 
to assay cell migration, al mutant primary and SV40 
transformed EFs failed to migrate into collagen IV (Fig. 
7), unlike their heterozygous counterparts, suggesting 
that al is also required for haptotaxis. Further analysis 
of migration of SV40 transformed EFs revealed that migra- 
tion into laminin was slightly inhibited in the mutant 
cells, but migration into collagen I was unaffected . In both 
instances, addition of anti-a2 further reduced migration. 
Anti-a2 did not entirely prevent migration of mutant cells 
into collagen I. Anti-/31, however, completely inhibited 
migration. Thus, it appears that a third 01 integrin is 
functional in EFs for haptotaxis into, as well as spreading 
on, collagen I. Therefore, in EFs, a\/3\ is required for mi- 
gration into collagen IV and is functional for migration 
into laminin, but is not required for migration into colla- 
gen I. 


Compensation by a2fil 

Smooth muscle in vivo normally expresses aipi but not 
a2/?l. Since the spreading assays demonstrated the presence 
of a2 in explanted passaged SMCs (consistent with the find- 
ings of Skinner et al. (1994)), we wished to determine 
whether the absence of al in the homozygote mutants was 
compensated for by expression of a2. Wild-type and homo- 
zygous gut were therefore analyzed for the presence of a2 
by immunoperoxidase staining of frozen sections. Neither 
adult smooth muscle nor El 6. 5 esophagus showed a com- 
pensatory upregulation of a2 (Fig. 2). Therefore there is no 
evidence for lack of al causing induction of a2 in vivo. 


FIG. 2. (A-D) Immunostain of wild-type (A and B) and homozygous mutant (C and D) gut for al (A, C) and a2 (polyclonal rabbit 
antiserum) (B, D). Objective, 10X. Note the absence of al immunostaining in the null animal, with abundant staining in the smooth 
muscle and vascular endothelium of the wild -type animal. The pattern of a2 staining, predominantly serosal, is similar in wild- type 
and al null animals. (E-H) Immunostain of heterozygous (E and F) and homozygous mutant (G and H) E14.5 esophagus for integrin 
al (E, G) and a2 (monoclonal hamster antiserum) (F, H). Abundant a 1 is seen in the smooth muscle of the heterozygote, but is absent 
in the knockout. a2 immunostaining is similar in both animals, with light staining at the epithelial surface and none in the smooth 
muscle. 

FIG. 4. (A) Electron micrographs of the junction between two uterine smooth muscle cells. (Scale bar, 100 nm) Left, wild type. Right, 
homozygous mutant. The distance between cells is similar, as is the distribution of dense areas suggesting junctions. Basal lamina (small 
arrows) is also similar in appearance. (B) Wild-type (wt) and homozygous mutant (ko) liver (40X objective, Mallory's trichrome stain). 
Hepatocytes, bile ducts, and overall architecture are similar in both animals. (C) E5 embryo and placenta from a homozygous mating (40 x 
original magnification, H&E; e, embryo; c, cytotrophoblast; s, syncytiotrophoblast). Note normal trophoblast morphology with multinucle- 
ate syncytiotrophoblast invading the decidua. 
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FIG. 5. (A) Spreading of heterozygous (left) and homozygous mutant (right) EFs on collagen IV (20 //g/ml). About half the cells are spread 
in the heterozygote; none are in the homozygote. (B) Representative spreading experiment on substrata of collagen IV (IV), collagen I (I), 
laminin (LAM), and serum (SER), with or without antibodies to aZ, al + a2, or 01. Substratum concentrations are indicated in //g/ml. 
Het indicates heterozygous EFs, and ko, homozygous mutant EFs. 
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FIG. 6. Spreading of smooth muscle cells and embryonic fibro- 
blasts on collagen IV with or without antibodies to al or a2, and 
on low and high concentrations of laminin. Substratum concentra- 
tions are indicated in /xg/ml. Het indicates heterozygous EFs or 
wild-type SMCs, ko indicates homozygous mutant cells. In con- 
trast to EFs, explanted smooth muscle cells can use a2 to spread 
on collagen IV and can use al to spread on very low concentrations 
of laminin. 


DISCUSSION 

We have generated mice with a null allele of the al inte- 
grin subunit by homologous recombination in embryonic 
stem cells. Mice homozygous for this allele were viable and 
fertile with no overt phenotype or anatomical abnormali- 
ties. The mutant allele generated a true null, as assayed by 
immunohistochemistry and immunoprecipitation. Smooth 
muscle of mutant animals did not show upregulation of the 
alternative collagen integrin receptor, a 2/31, either in the 
adult or in E 1 6 embryos. Embryonic fibroblasts derived from 
mutant animals were unable to spread on collagen IV or 
migrate into this ligand in a haptotaxis assay, unlike those 
derived from heterozygotes. Deficiency of integrin al had 
a slight effect on spreading on laminin and little or no effect 
on spreading on collagen I. We therefore conclude that inte- 
grin al is primarily a receptor for collagen IV, and despite 
its prominent expression during development it is not es- 
sential for formation of the adult mouse. 

Many observations had suggested the potential impor- 
tance of al integrin in development, as is discussed in the 
Introduction. It was surprising, therefore, that no abnormal- 
ities in trophoblast invasion nor in later embryonic develop- 
ment have been observed in homozygous al null animals. 
It is possible that the molecule is redundant, or that its 
absence in development might be compensated for by over- 


expression of another integrin. Cells of the trophoblast use 
al for matrix invasion, but they also express a6, and a com- 
bination of antibodies to both a 1 and a6 is required to block 
migration entirely (Damsky et al, 1994). Therefore it is 
possible that interaction with laminin via a6 is all that is 
necessary for trophoblast invasion in the absence of interac- 
tions of al with matrix. a6 is also prominent in developing 
neurons, neural crest cells, skin, and the heart in develop- 
ment (Thorsteinsdottir et al, 1995), and might provide any 
necessary adhesion to laminin. Skeletal muscle, which nor- 
mally expresses al transiently, also expresses dystroglycan, 
a nonintegrin high-affinity laminin receptor, along with a7 
(Mercurio, 1995), during development. Thus, as a laminin 
receptor, al may be redundant during embryogenesis. As a 
collagen receptor, however, al is unique in several sites, 
including smooth muscle and liver. As we have not found 
compensatory upregulation of a2, al's closest relative in 
structure and binding proclivities, in al null embryos, it is 
possible that either collagen- integrin interactions are not 
required in these tissues during embryogenesis, or that an- 
other integrin, possibly a3, has a greater role in collagen 
binding than previous work had suggested. Our observation 
that a2 is not upregulated in al null embryos is similar to 
observations of the fibronectin receptor null animals. The 
a4a5 double homozygous mutant embryo has an additive 
phenotype of the two single gene mutant animals (Joy Yang, 
personal communication), which suggests that one fibro- 
nectin receptor is not upregulated to compensate for the 
loss of the other. Therefore compensatory upregulation of 
one integrin to substitute for another has not been observed 
in integrin mutant animals analyzed so far. 

Integrin al/31 has been implicated in the binding of vari- 
ous ligands, including collagen IV, laminin, and collagen I. 
Our results shed light upon the specificities of these interac- 
tions with al/?l as well as with other integrin heterodimers. 
The results with collagen I were the most complex: absence 
of al had little or no effect on EF spreading on collagen 
I, while addition of anti-a2 caused some reduction in cell 
spreading and anti-/?l inhibited spreading completely. 
Therefore, while both al and a2 can bind to collagen I, 
their function on EFs as collagen I receptors appears to be 
redundant. Our results also implicate a third /31 integrin as 
a receptor for collagen I in EFs. The most likely candidate 
is a3/?l, which is known to be present in cardiac fibroblasts 
and hepatocytes. In these cells it was not found to bind to 
columns of collagen I, and was therefore suggested not to 
be a receptor for collagen I (Gullberg et al. t 1992). Other 
studies, however, have implicated a3/?l in collagen binding 
(Yamamoto and Yamamoto, 1994). We find that in EFs, al 
is only one of several receptors for laminin, but it appears 
to be the sole receptor for collagen IV. In SMCs, on the 
other hand, a2 is also a receptor for collagen IV. We also 
find that al appears to have a higher affinity for laminin in 
SMCs. These results suggest that the affinities of al/?l and 
a 2/31 for their ligands may vary depending on the cell type 
in which they are expressed, an observation made also by 
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FIG. 7. Composite of three migration experiments. Substratum concentrations are indicated in //g/ml. Het designates heterozygous EFs, 
alphal ko, homozygous mutant EFs. (A) Migration of primary fibroblasts into collagen IV, serum, or BSA alone. Homozygous mutant EFs 
are unable to migrate into collagen IV. (B) Migration of SV40 transformed EFs, similar to A. Transformed homozygous mutant EFs are 
similarly unable to migrate into collagen IV. The reduced migration into serum relative to untransformed fibroblasts may be due to 
reduction in a5 synthesis (Plantefaber and Hynes, 1989). (C) Migration of transformed EFs into collagen I and laminin. Heterozygous and 
knockout EFs migrate similarly into collagen I and are similarly affected by anti a2. Anti-/?1 blocks migration into collagen I. Migration 
into laminin is slightly inhibited in homozygous mutant cells, but is not affected by anti-a2. 


Chan and Hemler (1993). Our observations of EF migration 
demonstrate that a 1/?1 is necessary for hapto taxis into col- 
lagen IV; we have not determined whether the av integrins, 
known for their promigratory properties, are also involved 
in this process. 

To summarize the evidence, it appears that al is primar- 
ily a receptor for collagen IV rather than collagen I (Warren 
et al, 1994), a hypothesis supported by our results. Also 
consistent with our findings in EFs is the observation of 
Tuckwell et al (1995) that a2 has little affinity for collagen 
IV. These in vitro data are surprising given the distribution 
of the collagens and their receptors in vivo. Collagen IV is 
most abundant in the basement membranes of epithelia, 
while al is not found in epithelia; on the other hand, colla- 
gen I is abundant in smooth muscle, where a2 is absent. It 
appears, therefore, that integrin al/?l plays a more complex 
role than simply serving as an anchor for collagen. 

Homozygote al mutant animals show no evidence of 
upregulation of integrin a2 in smooth muscle in vivo, while 
smooth muscle morphology in the mutant, including the 
presence of basal lamina, is unaltered. Furthermore, homo- 
zygous mutant females have normal litter sizes at normal 


frequency. Thus the absence of the major collagen binding 
integrin from smooth muscle in vivo does not appear to 
impair normal physiological function. As effective muscle 
contraction must require some force transmission through 
the extracellular matrix, our observations suggest that di- 
rect interaction between smooth muscle and collagen via 
integrins may not be required. It is striking that the a 8/31 
integrin, a fibronectin receptor, exactly parallels a 1/31 in its 
distribution in adult tissues (Schnapp et al, 1995). This 
observation, combined with our data, suggests that the in- 
teraction required for force transduction through collagen 
may in fact be mediated through fibronectin, which itself 
binds collagen (Ruoslahti et a/., 1982). 

The presence of altered al expression in various disease 
states may provide some clues as to the function of the 
molecule in adulthood. Smooth muscle cells show upregu- 
lation of aipi after balloon injury (Gotwals et al, 1996), as 
they migrate to form neointima. CD8 T cells express a 1/31 
while invading deep tissues, for example the synovium of 
arthritic joints. Thus al/?l may be important for cell migra- 
tion in the repair of various forms of tissue injury. We are 
therefore examining the responses of al null mice to a vari- 
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ety of models of injury, including vascular injury, hepatic 
damage, wound healing, and hypertension. It has also been 
suggested that aipi provides feedback inhibition of colla- 
gen synthesis, as a correlation between al deficiency and 
failure to downregulate collagen synthesis has been noted 
in the fibroblasts of patients with systemic sclerosis (Ivars- 
son et al, 1993). We are examining this relationship in mu- 
tant EFs. The studies described here should help to define 
the roles of the al/?l receptor in the adult. 
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Adhesive interactions are critical for the proliferation, 
survival and function of all cells. Integrin receptors as 
the major family of adhesion receptors have been the 
focus of study for more than a decade. These studies 
have tremendously enhanced our understanding of the 
integrin-mediated adhesive interactions and have un- 
raveled novel integrin functions in cell survival mechan- 
isms and in the activation of divergent signaling 
pathways. The signals from integrin receptors are 
integrated from those originating from growth factor 
receptors in order to organize the cytoskeleton, 
stimulate cell proliferation and rescue cells from matrix 
detachment-induced programmed cell death. These 
functions are critical in the regulation of multiple 
processes such as tissue development, inflammation, 
angiogenesis, tumor cell growth and metastasis and 
programmed cell death. 

Keywords: integrins; cell adhesion; cell survival; focal 
adhesion complexes 


Introduction 

The term Integrin was coined about a decade ago to 
describe cell surface receptors that mediate cellular 
adhesion to extracellular matrix proteins and to other 
cells (Tamkun et al., 1986; Ruoslahti and Pierschba- 
cher, 1987). However, it has become clear that the 
biological significance of integrin-mediated adhesive 
events goes beyond simple physical linkage of cells to 
extracellular matrix proteins or to other cells. Adhesion 
is shown to be important for survival and proliferation 
of various cell types (Hynes, 1994; Ruoslahti and Reed, 
1994; Meredith et al y 1993; Meredith and Schwartz, 
1997). A remarkable number of classical signaling 
pathways are now known to be activated by 
interactions of cells with matrix proteins via integrins 
(Juliano and Haskill, 1993; Schwartz et aL, 1995; 
Clarke and Brugge, 1995). Regulation of adhesion by 
integrins is also central to a number of specialized 
pathways in the hematopoietic systems, allowing 
attachment of platelets to soluble ligands and of 
lymphocytes to antigen-presenting cells and the 
phagocytosis of complement opsonized targets by 
granulocytes and macrophages. Cell-matrix interac- 
tions result in a cascade of cellular responses which 
ultimately promote not only cell binding but also lead 
to cell spreading. Both cell attachment and spreading 
are critical for cell survival because cells that adhere, 
but can not spread, may undergo programmed cell 
death (Bates et al. t 1994; Re et al. t 1994) 

Integrin receptors are composed of noncovalently 
associated a and p chains which form heterodimeric 


receptor complexes (Hynes, 1992; Ruoslahti, 1991, 
1996). The a and /? subunits contain a large 
extracellular domain, a short transmembrane domain 
and a cytoplasmic carboxy terminal domain of variable 
length. The extracellular domains of both the a and 
chains form the ligand binding domain. In mammals, 
17 a subunits and 8 /f subunits are known. These a and 
ft subunits heterodimerize to produce 22 different 
receptors (Figure 1). Despite this high degree of 
redundancy, most integrins seem to have specific 
biological functions raising the possibility of signaling 
differences between integrins. Integrins not only bind 
ligands present in the extracellular matrix such as 
fibronectin, collagen, vitronectin etc., certain integrins 
can also bind to soluble ligands such as fibrinogen or 
to counter-receptors such as intracellular adhesion 
molecules (ICAMs) on adjacent cells. 

Many of the integrins recognize the RGD (Arg-Gly- 
Asp) sequence in their matrix ligands (Ruoslahti, 
1996). Nevertheless, they are capable of distinguishing 
different RGD-containing proteins such that some bind 
primarily to fibronectin and others to vitronectin. 
Integrins are also expressed in a cell-type specific 
manner; thus one group of integrins such as a 5 fiu «v ft 
and oc v ft is associated with migration and proliferation 
in various cell types. Many other integrins are 
expressed in selective cell types. Examples of cell-type 
specific integrins include a Ub ft* in platelets and a 6 ft in 
epithelial cells. Integrins are capable of generating both 
common signals and signals specific for individual 
integrins. The signals from these integrin receptors are 
integrated with those originating from growth factor 
and cytokine receptors in order to organize the 
cytoskeleton, stimulate mitogen activated protein 
(MAP) kinase cascades and regulate immediately early 
gene expression. It has also been recognized that 
information can also flow in the reverse direction; the 
integrin ligand binding activity is also regulated from 
the inside of the cell (Schwartz et aL, 1995; Kolamus 
and Seed, 1997). Thus integrin receptors are highly 
versatile proteins mediating a variety of biological 
processes. 

In this review, I will summarize the recent studies on 
three signaling pathways activated by integrin recep- 
tors. Specifically the role of integrins in (1) cytoskeletal 
organization, (2) in cell proliferation signaling path- 
ways and (3) in cell survival pathways will be reviewed. 
A brief summary of the role of integrins in cell 
transformation and therapeutic applications is also 
included. 


Role of integrins in cytoskeletal organization 

The binding of ligands to integrin receptors leads to 
cross-linking or clustering of integrins. This promotes 
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the formation of structures at the cell membrane 
known as focal adhesions where integrins link the 
outside matrix to intracellular cytoskeletal complexes 
(Burridge et al., 1988). These protein assemblies play 
an important role in modulating cell adhesion and 
inducing cell shape changes involved in cell spreading 
and locomotion. Focal adhesion complexes are readily 
seen by immunofluoresence as tear shaped plaques at 
the ends of actin filament based stress fibers. A diverse 
number of structural and signaling proteins, such as 
integrins, cytoskeletal proteins, protein kinases and 
signaling molecules are known to be concentrated at 
these sites (Craig and Johnson, 1996; Yamada and 
Miyamoto, 1995; Lo and Chen, 1994) (Figure 2). 
Actin binding proteins that colocalize with integrins at 
focal adhesion plaques include, a-actinin, talin, tensin, 
paxillin, vinculin and tensin. Protein kinases that 
colocalize with these structures include focal adhesion 
kinase (FAK), c~src, protein kinase C and integrin 
linked kinase (ILK) etc., (Yamada and Miyamoto, 
1995; Dedhar and Hannigan, 1996). 


Focal adhesion kinase 

Unlike growth factor receptors, integrins lack intrinsic 
tyrosine kinase activity. Yet, an early event during 
integrin signaling is the tyrosine phosphorylation of the 
non-receptor tyrosine kinase, FAK in response to cell 
adhesion (Schaller and Parsons, 1994; Richardson and 
Parsons, 1995; Parsons, 1996). AH /?, and a v containing 
integrins share the ability to promote the assembly of 
focal adhesions and activate FAK. FAK is an unusual 
nonreceptor tyrosine kinase and lacks src homology 
(SH)2 and SH3 domains. The mechanism by which 
integrins activate FAK is incompletely understood. It is 
clear that this process is tightly coupled to the process 
of assembly of focal adhesion complexes. The 
phosphorylation of FAK is believed to initiate a 
cascade of phosphorylation events and new protein 
interactions required for adhesion-dependent signaling 
complexes. Talin binds directly to the carboxy-terminal 
domain of FAK (Chen et ai, 1995) and also interacts 
with vinculin and thereby paxilin (Brown et al., 1996). 
Paxilin in turn binds to a distinct site in the carboxy 
terminus of FAK (Schaller et al, 1995). Thus it is 
believed that the initial recruitment of FAK to 
activated integrins is indirect and mediated by talin. 
It is proposed that upon recruitment to focal adhesion 
complexes by talin, FAK undergoes conformational 
change and interacts through its amino terminal 
domain with the f$ subunit tail. The amino terminal 
domain of FAK plays a negative autoregulatory role, 
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Figure 2 Model for the arrangements of different proteins in a 
focal adhesion complex. Arrangements of cytoskeletal proteins 
that colocalize to focal adhesion complexes in vivo and bind to 
integrins in vitro are shown. Ligand occupancy, integrin 
aggregation and tyrosine phosphorylation lead to the accumula- 
tion of F-actin and associated cytoskeletal proteins in a massive 
adhesive and signaling complex. ECM: Extracellular matrix, 
RGD: Arg-Gly-Asp, JNK: Jun Kinase 


possibly by folding back onto the catalytic domain 
(Richardson and Parsons, 1996). Thus the conforma- 
tional transition may be a prerequisite for FAK's 
catalytic activity. Integrin aggregation by ligand 
binding would then result in oligomerization of FAK 
and activation of FAK by trans-autophosphorylation. 
Autophosphorylation of FAK at residue 397 results in 
the binding of SH2 domain of Src and Fyn (Schaller et 
al., 1994), The Src family kinases such as Src and Fyn 
then phosphorylate a number of FAK-associated 
proteins including paxilin, tensin and p' 30 CAS (Vuori 
et al., 1996; Schlaepfer et al., 1997). Src can also 
phosphorylate FAK at tyrosine residue 925, creating a 
binding site for the Grb2-mSOS complex (Schlaepfer 
and Hunter, 1997). Finally autophosphorylated FAK 
can combine with and activate phosphatidyl-inositide-3 
kinase (PI-3K) (Chen et al., 1996). FAK is thus linked 
to a number of intracellular signaling pathways. The 
analysis of FAK knockout mice has provided 
important information on the biological function of 
FAK. Embryonic fibroblasts derived from these mice 
form numerous small focal contacts, but fail to form 
the large peripheral focal adhesions and these cells 
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migrate less efficiently than control cells (Ilic et al, 

1995) . The observation that overexpression of FAK 
increases cell migration while a dominant negative 
form of the kinase inhibits it are also consistent with a 
role for this kinase in dynamic regulation of focal 
adhesions during cell migration (Cary et al, 1996; 
Gilmore and Romer, 1996). 

In contrast to FAK which is activated in response to 
cell adhesion, the activity of the serine/threonine-kinase 
termed integrin-linked kinase (ILK) appears to be 
inhibited in response to integrin ligation. ILK was 
originally isolated in the yeast two hybrid system by 
virtue of its ability to interact with the integrin f}\ 
subunit (Hannigan et al, 1996; Dedhar and Hannigan, 

1996) . ILK also colocalizes to the focal adhesions like 
FAK. In contrast to FAK, ILK can be readily 
coimmunoprecipitated with various /? integrins (Han- 
nigan et al, 1996; Radeva et al., 1997). Overexpression 
of ILK in epithelial cells has been shown to induce 
anchorage-independent growth and malignant trans- 
formation (Radeva et al., 1997). A third protein termed 
/? 3 endonexin has also been identified from yeast two 
hybrid screens as a /? 3 interacting protein (Shattil et al., 
1995). The physiological role of /? 3 endonexin is 
currently unknown. 

Role of Rho family of proteins in focal adhesion 
assembly 

Alan Hall's group was the first to describe the 
assembly of focal adhesions and stress fibers in serum 
starved Swiss 3T3 cells. These cells retain few stress 
fibers and are devoid of focal adhesions and its 
components. Readdition of serum or LPA stimulates 
the formation of stress fibers and focal adhesion 
complexes within 2-5 min (Ridley and Hall, 1992; 
Ridley et al., 1992; Nobes and Hall, 1995). Other 
growth factors such as platelet derived growth factor 
(PDGF), epidermal growth factor (EGF) insulin, 
bombesin also stimulate focal adhesion assembly, but 
with a longer time course. The induction of a variety of 
cortical actin assemblies can be ascribed to the action 
of individual Rho proteins. Rho family of proteins are 
RAS-related GTP binding proteins consisting of Rho 
A, B, C, D and E; Racs 1 and 2 and Rac E; and 
Cdc42, Rho G and TC10 (Van Aelst and D'Souza- 
Schorey, 1997; Hall, 1998). Rho is involved in the 
organization of focal adhesions and stress fibers in 
response to LPA; Rac is directly responsible for the 
membrane ruffling and extension of lamellipodia and 
Cdc42 uniquely controls the formation of filipodia 
(Hall, 1994, 1998; Van Aelst and D'Souza-Schorey, 

1997) . There is evidence for the interconnection of 
these family members in a hierarchial manner: Cdc42 
activates Rac and Rac activates Rho. 

In addition to the growth factor receptors, Rho 
family members can also be activated by integrin 
ligation and clustering. Hotchin and Hall (1995) have 
demonstrated that the interaction of integrins with 
extracellular matrix is not sufficient to induce integrin 
clustering and focal complex formation, but requires 
the activity of Rho family members. The molecular 
basis for this regulation is not clear but may involve 
effector proteins which associate with and become 
activated by GTP-bound Rho A. Two lines of evidence 
support the notion that integrins can activate Rho. It 
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has been known for some time that integrins can 
stimulate the production of Phosphatidyl Inositol 
biphosphate (PIP 2 ) and recent studies have provided 
evidence that this effect is mediated by Rho (Chong et 
al., 1994; Hartwig et al., 1995), possibly through its 
interaction with a type I isoform of phosphatidyl 
inositol 4-phosphate 5-kinase (PIP4-5K) (Ren et al., 
1996). The increase in PIP 2 synthesis by Rho A is 
potentially relevant to focal adhesion assembly because 
the actin binding activity of several cytoskeletal 
proteins such as profilin and gelsolin is modulated by 
PIP 2 in vitro (Hartwig et al, 1995) and PIP 2 is enriched 
in focal adhesion plaques. In light of this, Gilmore and 
Burridge (1996) reported that the association of PIP 2 
with vinculin induces a conformational change in 
vinculin, allowing it to interact with talin, which binds 
actin. Furthermore they showed that injection of anti- 
PIP 2 antibodies into fibroblasts inhibited LPA/Rho- 
induced stress fibers and focal adhesion formation, 
suggesting a role for PIP 2 in focal adhesion and stress 
fiber assembly. Second, dominant negative Rho has 
been shown to partially suppress the activation of 
ERK in response to ligation of integrins, suggesting 
that a Rho regulated pathway is necessary for the full 
activation of ERK following integrin mediated cell 
adhesion (Renshaw et al., 1996). 

How does activation of Rho A lead to recruitment 
of Focal adhesion proteins and assembly of focal 
adhesion? This question still remains unanswered 
completely. However, exciting progress has been made 
in recent years. The involvement of phosphoinositide 
kinases in Rho signaling has been reported. The 
effector proteins for Rho A include PIP4-5K, the 
recently identified serine/threonine kinase Rho-asso- 
ciated coil-coil containing protein kinase (ROCK) and 
protein kinase N which all associate with and are 
activated by RhoA (Amano et al, 1997; Van Aelst and 
D'Souza-Schorey, 1997). In addition, the pi 90 Rho 
GTPase-activating protein (GAP) may also regulate 
integrin-clustering (Settleman et al., 1992). Constitutive 
activation of pi 90 Rho-GAP disrupts integrin cluster- 
ing and focal plaque formation. PI-3 kinase which 
phosphorylates PI(4) phosphate (PIP) or PI(4,5) 
biphosphate (PIP2) to generate PI (3,4)P, or PI 
(3,4,5)P 3 respectively has been shown to associate with 
integrin-associated focal adhesion complexes (Chen et 
al., 1996). The SH2 domain of the p85 subunit of PI-3 
K may be important for its association with tyrosine 
phosphorylated FAK. The role of PI3K in integrin 
induced changes in cell behaviour is not understood; 
however the evidence that inhibition of PI-3 K blocks 
growth factor induced actin arrangements suggests a 
possible involvement in integrin regulated cytoskeletal 
rearrangements. 

Rho can also activate a serine/threonine protein 
kinase known as Rho Kinase, which plays an 
important role in the assembly of focal adhesions 
(Amano et al., 1997). This kinase phosphorylates the 
myosin binding subunit (MBS) of myosin light chain 
phosphatase, thereby suppressing the activity of the 
enzyme (Kimura et al., 1996). The resulting increase in 
myosin light chain phosphorylation is believed to 
induce a conformational change in myosin, thereby 
increasing its binding to actin filaments and promote 
actomyosin contractility and formation of focal 
complexes and stress fibers (Chirzanowska-Wondnicka 
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Figure 3 Signaling pathways involving integrin receptors and 
Rho family GTPases leading to focal adhesion complex and actin 
stress fiber formation. The integrins activate Rac via Ras and PI- 
3K and Rho through unknown mechanisms. Rac can also be 
activated by growth factors such as EGF, PDGF, and Insulin and 
Rho can be activated by LPA. Rac can also weakly activate Rho 
by an unknown mechanism. Rac and Rho interact with a number 
of target effectors. Some of these such as Porl, PIP-5Kinase and 
Rho kinase are responsible for organizing cytoskelctal structures 
such as lamellipodia and focal adhesions 


et al. t 1996). More recently, evidence has been 
presented that Rho kinase can also phosphorylate 
MLC at the same site phosphorylated by MLC kinase 
(Amano et aL, 1996). A model proposed for integrin- 
mediated and Rho-induced stress fiber formation is 
depicted in Figure 3. 

In addition to the Rho family members, R-Ras, a 
GTP-binding protein homologous to Ha-Ras but with 
activities distinct from those of the transforming RAS 
proteins, has been shown to activate integrins. 
Expression of constitutively active R-Ras induced 
suspension cells to adhere to the extracellular matrix 
proteins by converting integrins from a low affinity to a 
high affinity state (Zhang et aL, 1996). Dominant 
negative R-Ras reduced the adhesiveness of cells 
suggesting that endogenous R-Ras can control integ- 
rin-ligand affinity states. The molecular basis for this 
regulation is not understood at the present time. 


Role of integrins in cell-proliferation signaling pathways 

In addition to growth factors and nutrients, many 
normal cells require adhesion to the extracellular 
matrix to proliferate. The adhesion-dependent activa- 
tion of MAP kinase appears to be important in the 
pathway by which integrins regulate cell proliferation. 
A number of signaling proteins have been found to be 
associated with the focal adhesion complexes suggest- 
ing the involvement of integrin engagement in the 
activation of signaling pathways. It is now generally 
accepted that the activation of ERK in response to 
integrin ligation requires Ras signaling (Schlaepfer and 
Hunter, 1997; Wary et aL, 1996). Evidence is presented 
that certain integrins such as the laminin receptor oc 6 /? 4 , 


the lamin/collagen receptor a,/*,, the fibronectin 
receptor a 5 /?i and the vitronectin receptor a v /f 3 are 
linked to the RAS-ERK signaling pathway by the 
adaptor protein She (Wary et aL, 1996; Giancotti, 
1997). She is an SH2 and phosphotyrosine binding 
(PTB) domain adaptor protein which links tyrosine- 
phosphorylated signal transducers to Ras (Pawson, 

1995) . Upon recruitment to activated receptors, She is 
phosphorylated on tyrosine and binds to the Grb2- 
mSOS complex. This process results in the juxtaposi- 
tion of the GTP exchange factor domain of mSOS to 
RAS, leading to its activation. The role of FAK in the 
activation of RAS-ERK pathway is not clearly 
established. Ligation of a,/?,, a 5 j?, and oc v /? 3 integrins 
which are all linked to She results in Erk activation, 
but ligation of other integrins does not produce this 
effect, even though FAK is stimulated (Wary et aL, 

1996) . A dominant negative mutant She was found to 
suppress ERK activation in response to integrin 
ligation (Wary et aL, 1996), but two distinct 
dominant-negative mutants of FAK do not (Lin et 
aL, 1997; Giancotti, 1997). These results indicate that 
She is necessary and sufficient to link specific integrins 
to the RAS-ERK signaling pathway. However, they do 
not exclude the possibility that FAK may cooperate 
with She to fully activate ERK in response to integrin 
ligation. As discussed above, integrin-mediated adhe- 
sion signals the autophosphorylation of FAK on 
Tyrosine 397, generating a binding site for SH2 
domains of Src and related kinases (Calab et aL, 
1995). The further phosphorylation of FAK at Tyr 
925, presumably by Src generates a binding site for the 
SH2 domain of the adaptor protein GRB2 (Schlaepfer 
et aL, 1994). GRB2 signals through the RAS GDP/ 
GTP exchange protein SOS, which has also been 
detected in the adhesion-dependent focal adhesion 
complexes containing FAK, GRB2 and c-Src (Yama- 
da and Miyamoto, 1995) (Figure 4). The activation of 
RAS-ERK pathway by integrin ligation has been 
shown to require an intact cytoskeleton suggesting 
that the integrin-dependent cytoskeletal complexes are 
instrumental in the activation of the MAP kinase 
pathway. 

MAP kinase in turn activates a number of 
transcription factors such as SRF, c-Myc that are 
involved in regulating growth and differentiation. 
Studies have shown that in primary cells, engagement 
of integrins linked to She activates transcription from 
the serum response element (SRE) and promotes 
progression through the Gl phase of the cell cycle in 
response to growth factors. Since growth factors also 
stimulate the RAS-MAP kinase pathway, it is likely 
that the integrins and growth factor receptors may 
synergize to enhance RAS-MAP kinase activation. 

In addition to the participation of integrins in the 
activation of the RAS-ERK pathway via She, recent 
studies have shown that specific integrins may also 
cooperate with growth factor receptors directly. The 
a v /? 3 integrin receptor has been found to uniquely 
associate with cytoplasmic signal transduction media- 
tors of the insulin (and insulin like growth factor, 
(IGF) receptors (Vuori and Ruoslahti, 1994). One such 
signal transduction mediator is, insulin receptor 
substrate (IRS)-l. IRS-1 is tyrosine phosphorylated 
by the activated insulin (and IGF) receptor and as a 
result binds a number of other signaling molecules. In 
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Figure 4 Integrin -media ted signaling pathways leading to cell 
proliferation and cell survival. Activation of Ras-ERK signaling 
pathway by intc grins involves the recruitment of She via a 
transmembrane adaptor protein. Although all /?i and a v integrins 
can regulate focal adhesions via FAK, only some of them can 
recruit She and activate Ras-ERK signaling and promote cell 
cycle progression. Cell survival is promoted by integrins via Ras- 
ERK and Akt. Jnk may inhibit cell survival if ERK is not 
activated. There is also evidence for the involvement of PI-3K in 
integrin-mediated activation of Raf/ERK pathway. See the text 
for details 


cells that have adhered to a substrate, such as 
vitronectin through the oc v j5 3 integrin, a subset of IRS- 
I binds to the integrin. This interaction substantially 
enhances the growth stimulating effects of insulin and 
IGF. This interaction appears to be specific to integrin 
a v /? 3 receptor. A 190 Kda protein that is phosphory- 
lated in tyrosines as a result of PDGF receptor activity 
also binds to a v /J 3 receptor, suggesting that there may 
be cooperation between this integrin and the PDGF 
pathway (Schneller et al., 1997). 

Regulation of cell cycle progression 

Recent studies have indicated that cell adhesion is 
specifically required for the induction of cyclin Dl and 
for the activation of cyclin E-cdk2 complex in early- 
mid Gl phase (Fang et al., 1996). Although cyclin Dl 
is regulated by cell adhesion at both the transcriptional 
and translational levels, the effect of cell adhesion on 
cyclin E-cdk2 activity appears to be indirect and 
mediated by downregulation of the cdk inhibitors p21 
and p27 (Zhu et al., 1996). These findings suggest 
several mechanisms by which integrin engagement 
could regulate the cell cycle. 


Regulation of cell migration 

Recently David Cheresh and coworkers have provided 
evidence that integrin mediated activation of ERKs 
influence the cells* motility machinery by phosphor- 
ylating and thereby enhancing myosin light chain 
kinase (MLCK) activity leading to phosphorylation 
of MLC (Klemke et al., 1997). In vitro assays indicate 


that ERK can phosphorylate MLCK and ERK- 
phosphorylated MLCK displays an enhanced capacity 
to phosphorylate MLC in a calmodulin dependent 
manner. In summary, it is clear that growth factor 
receptors as well as integrin receptors influence the 
activity of one or more members of the MAP kinase 
family of signaling molecules. While MAP kinase 
signaling has been associated with the regulation of 
gene transcription events, David Cheresh's work clearly 
demonstrates that MAP kinase can promote cell 
migration on the ECM in a transcription-independent 
manner. 


Role of integrins in cell survival signaling mechanisms 

One important function of the integrin signaling 
pathways is to regulate anchorage dependence. Many 
mammalian cells are dependent on adhesion to the 
extracellular matrix for their continued survival. Early 
studies used fibroblasts which become growth inhibited 
in suspension, but remain viable. More recent studies 
have shown that certain specialized cell types such as 
endothelial cells and epithelial cells, when detached 
from substrate undergo apoptosis (Frisch and Francis, 
1994; Meredith et al, 1993; Frisch and Ruoslahti, 
1997; Meredith and Schwartz, 1997). This phenomenon 
is referred to as 'anoikis' from the greek for home- 
lessness. Anoikis is a mechanism to insure that cells 
which are displaced from their natural environment are 
eliminated. Tumor cells are characterized by their 
ability to grow in the absence of contacts with the 
extracellular matrix. Cell-detachment induced anoikis 
does not occur in cells expressing activated Src or Ras 
oncogenes. Hence, these oncogenes must therefore be 
able to provide a constitutive signal normally 
originating from integrin receptors. 

The ability of the extracellular matrix to promote 
cell survival appears to be mediated by at least two 
distinct signaling pathways. Studies on the role of She 
in integrin signaling have indicated that in cells 
adhesion mediated by integrins not linked to She, 
results not only in cell cycle arrest, but also in 
apoptotic cell death (Wary et al., 1996; Giancotti, 
1997). In agreement with a critical role for She 
signaling in protection from apoptosis, a dominant 
negative form of She has been shown to induce 
apoptotic cell death in primary endothelial cells plated 
on fibronectin in the presence of mitogens (Wary et al., 
1996; Giancotti, 1997). 

Role of phosphoinositide 3- Kinase and P KB /Akt in 
anoikis 

Julian Downward's group studied the mechanism by 
which activated RAS oncogene protects MDCK 
epithelial cells from anoikis upon removal from 
extracellular matrix (Khwaja et al., 1997). Their 
results suggest a following model of integrin signaling 
to the apoptotic machinery in untransformed epithelial 
cells. Cellular adhesion through integrins results in the 
activation of PI-3 kinase independently of signals from 
serum factors. The PI-3 kinase lipid products provide a 
protective signal acting through PKB/Akt which blocks 
entry into apoptosis. When epithelial cells are detached 
from the matrix, PI-3 kinase and PKB/Akt become 
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inactive even in the presence of serum factors and an 
apoptotic pathway is engaged. RAS activation leads to 
the constitutive activation of PI-3 kinase, PKB/Akt 
pathway accounting for the survival of RAS-trans- 
formed cells in the absence of adhesion to extracellular 
matrix. PI-3 kinase acting through PKB/Akt is 
therefore implicated as a key mediator of the aberrant 
survival of RAS-transformed epithelial cells in the 
absence of attachment. Interestingly, introduction of 
activated forms of the PI3 K pi 10 subunit, or of AKT 
rescued the MDCK cells from anoikis. 

As with other signaling mechanisms, the PI-3 kinase 
and PKB/Akt pathway is also activated upon growth 
factor stimulation and mediates the cell survival 
mechanism in the absence of growth factor stimula- 
tion (Kennedy et aL, 1997; Marte and Downward, 
1997). The mechanism by which integrin engagement 
leads to PI-3 kinase activation in normal cells is not 
known. One mechanism may be through FAK as this 
kinase has been found to associate with the SH2 
domains of p85 of PI-3K, so it may contribute to the 
constitutive activation of PI-3 kinase. Alternatively, as 
PI3-K is a major target effector of RAS (Rodriguez- 
Viciana et aL, 1994), the activation of PI3-K by 
integrins could be mediated by the ability of She to 
activate RAS. Recent studies by King et aL (1997) have 
shown that integrin-mediated Erk-2, Mek-1 and Raf-1 
activation but not Ras-GTP loading, was inhibited by 
PI-3K inhibitors demonstrating that PI-3K may 
function upstream of Raf-1 in integrin-mediated 
activation of Erk-2. Growth factor stimulation and 
integrin engagement leads to the stimulation of PI-3 
kinase activity which results in the production of 
phosphatidyl inositol (3,4,5) triphosphate and Ptd 
Inositol (3,4)P 2 (Franke et aL, 1995). The binding of 
pleckstrin homology (PH) domain of PKB/Akt to these 
phosphoinositides both recruites PKB/Akt to the 
plasma membrane and in the case of PI(3,4)P2 directly 
stimulates its kinase activity (Franke et aL, 1997a, b). 
Full activation of PKB/Akt requires phosphorylation 
of Thr 308 by PDK1 and Ser 473by PDK2 (Alessi et 
aL, 1996, 1997). Activated PKB/Akt phosphorylates 
substrates resulting in a variety of biological effects 
including suppression of apoptosis. Figure 4 sum- 
marizes the integrin-mediated signaling pathways 
leading to cell proliferation and cell survival. 

Role of cell shape in anoikis 

Cell adhesion to matrix causes dramatic changes in cell 
shape. Therefore, the question arises, does the cytoske- 
letal organization and associated cell shape - as opposed 
to integrin signaling per se - suppress anoikis? Two series 
of studies specifically address this issue of cell shape and 
cell spreading in anoikis. Endothelial cells that were 
placed in suspension underwent anoikis. Addition of 
microbeads coated with RGD peptides that were too 
small to permit cell spreading did not rescue these cells. 
However, plastic surfaces coated with RGD peptides 
rescued cells from anoikis efficiently (Re et aL, 1994). 
These results suggest that mere attachment of cells 
through integrins is insufficient for rescue and that cell 
shape changes are required. 

Recently in an interesting study the role of cell 
spreading was studied using a system in which the total 
surface area available for cell attachment was kept 


constant while forcing cells either to remain round or 
spread out (Chen et aL, 1997). This was accomplished 
by the use of microfabricated surfaces composed of 
islands of adhesive surface interspersed at varying 
distances from one another. When endothelial cells 
were cultured on these surfaces, round cells were found 
to be susceptible to apoptosis, whereas cells forced to 
stretch over widely dispersed small islands survived and 
proliferated (Chen et aL, 1997). These results again 
provide evidence that cell spreading following cell 
attachment is crucial to rescue cells from anoikis. 

Different cells may differ in their ability to utilize 
specific integrins to activate the antiapoptotic mechan- 
ism. Recent studies using CHO cells engineered to 
express either a 3 /?i or integrin as their fibronectin 
receptor have shown that only those cells expressing 
a 5 Pi survived in serum free cultures (Zhang et aL, 
1995). This response was associated with an elevated 
expression of the antiapoptotic protein Bcl-2. Other 
integrins such as og^ or a v /J 3 and various p i integrins 
fail to rescue cells from apoptosis- under these 
conditions. It is possible that under other conditions 
cells depend on other integrins for survival (Brooks et 
aL, 1994; Boudreau et aL, 1995). Different cell types 
may differ in their integrin dependence under the same 
conditions. Thus vascular endothelial cells seem to 
depend on a v /? 3 receptor for their survival (Brooks et 
aL, 1994). Inhibition of a v /? 3 function during angiogen- 
esis with anti-a v /? 3 antibodies both inhibited prolifera- 
tion and induced apoptosis, whereas treatment with 
antibodies that block integrin function did not 
(Brooks et aL, 1994). Similarly, prevention of 
interactions of mammary epithelium with the matrix 
by anti-^i integrin antibodies both inhibited prolifera- 
tion and induced apoptosis (Boudreau et aL, 1995). 
These results suggest that the same integrin might 
connect to different pathways in different cell types and 
that a given integrin could provide a survival signal in 
one cell type and an anoikis signal in another. A 
possible physiological significance of the integrin- 
selective apoptosis phenomenon is that it may prevent 
cells from attaching to inappropriate places in the 
body, because attachment through the wrong integrin 
would induce apoptosis. 


Role of integrins in cell transformation 

It is clear from the above discussion that cells require 
both adhesion to immobilized matrix proteins and 
stimulation by serum or growth factors in order to 
proliferate. An important conclusion of these studies 
reviewed above is that signaling pathways activated by 
growth factor receptors and integrin receptors, 
ultimately converge to determine cell cycle progres- 
sion. By contrast, tumor cell proliferation is generally 
independent of both adhesion and serum though 
anchorage independence is the feature that correlates 
best with tumorigenicity in vivo (Freedman and Shin, 
1974). Proteins encoded by the oncogenes are generally 
components of the normal growth regulatory pathways 
that when overexpressed or mutated lead to irreversible 
activation of these pathways. Many oncogene encoded 
proteins also activate the integrin mediated pathways 
mainly through the Rho family proteins. Specifically, 
activated RAS has been shown to activate the cell 


Signaling by irrtegrin receptors 

CC Kumar 


morphology pathway through RAC and recent studies 
have shown that activation of both the cell morphol- 
ogy pathway and ERK pathway are essential for 
transformation (Joneson et al, 1996). Constitutive 
activation of both integrin-mediated and growth 
factor pathways would be necessary to elicit serum 
and anchorage-independent status to the transformed 
cells. Activation of a step on the growth factor portion 
only should lead to enhanced proliferation but not 
anchorage-independent growth. Thus fibroblasts trans- 
formed by Raf and constitutively active MEK grow 
very poorly in an anchorage-independent manner 
(Mansour et al, 1994, and CC Kumar unpublished 
data). Activated Rac and Rho proteins have been 
shown to synergize with Raf to efficiently transform 
fibroblast cells, suggesting that Rac and Rho proteins 
are components of a separate pathway. Activation of a 
step on an integrin pathway prior to convergence 
would be expected to lead to anchorage-independent 
but serum-dependent growth. Thus oncogenes such as 
dbl and lbc which function as constitutively active 
guanine nucleotide exchange factors for the Rho family 
of proteins, induce anchorage-independent but serum- 
dependent growth (Schwartz et al, 1996). lbc and dbl 
were identified by their ability to induce focus 
formation and tumorigenicity in vivo when expressed 
in 3T3 cells (Toksoz and Williams, 1994; Eva and 
Aaronson, 1985). Thus both lbc and dbl transformed 
cells show the same serum-dependence as control cells. 
These studies show that anchorage-independence and 
serum-independence can be separated. Understanding 
the mechanisms by which tumor cells gain the 
anchorage-independence status is an important area 
of investigation and may lead to the identification of 
novel targets for drug discovery. 


Summary and therapeutic applications 

An important conclusion from the studies reviewed above 
is that the signaling pathways activated by growth factor 
receptors and integrin receptors are extensively inter- 
twined, most importantly at the level of Ras, PI-3K and 
FAK. In addition, certain integrins physically form 
complexes with growth factor receptors. Many signaling 
intermediates interact with and receive signals from 
various upstream elements and bind to a large number 
of downstream target effectors. Although much has been 
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learned about integrin signaling, important questions 
remain concerning the circuitry responsible for the 
crosstalk among signals triggered by different integrins 
and integration of signals from integrins and growth 
factor receptors. Finally, an analysis of mechanisms by 
which tumor cells survive and proliferate in the absence of 
signals from the integrins will be an important area of 
investigation. 

Research on integrin receptors has also led to a 
number of therapeutic applications and targets for 
tumor therapy. One integrin-directed drug, an anti-03 
integrin antibody for the prevention of arterial 
restenosis, has reached the market place. Several other 
integrin based drugs such as the peptides containing 
the integrin-binding RGD sequence (Ruoslahti, 1996), 
and mimics of such peptides that specifically block 
individual integrins are also under development. These 
drugs target thrombosis (a„ b ft in platelets (Pierschba- 
cher et al, 1994), osteoporosis (a v /? 3 in osteoclsts 
(Flores et al, 1992)) and tumor-induced angiogenesis 
(a v /?3 in neovascular endothelial cells (Brooks et al, 
1994). In a recent exciting study, Ruoslahti's group 
used the in vivo selection of phage display libraries to 
isolate peptides that home specifically to tumor blood 
vessels. Two of these peptides - one containing oc v 
integrin-binding Arg-Gly-Asp motif and the other an 
Asn-Gly-Arg motif - were conjugated to the anticancer 
drug doxorubicin to demonstrate enhanced efficacy of 
the drug against human breast cancer xenografts in 
nude mice (Pasqualimi et al, 1997). These peptide- 
drug conjugates exhibited significantly less toxicity, 
suggesting that it may be possible to develop targeted 
chemotherapeutic strategies based on the selective 
expression of integrin receptors in tumor vasculature. 

In summary, recent studies on integrins have greatly 
increased our understanding of the central biological 
phenomena, such as anchorage-dependence, tumor- 
induced angiogenesis and tumor metastsis, as well as 
generated a number of possible approaches to new 
therapies for cancer. 
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ABSTRACT The existence of integrin-like proteins in 
Candida albicans has been postulated because monoclonal 
antibodies to the leukocyte integrins aM and aX bind to 
blastospores and germ tubes, recognize a candidal surface 
protein of «*185 kDa, and inhibit candidal adhesion to human 
epithelium. The gene aINTI was isolated from a library of C. 
albicans genomic DNA by screening with a cDNA probe from 
the transmembrane domain of human aM. The predicted 
polypeptide (alntlp) of 188 kDa contains several motifs 
common to aM and aX: a putative I domain, two EF-hand 
divalent cation-binding sites, a transmembrane domain, and 
a cytoplasmic tail with a single tyrosine residue. An internal 
RGD tripeptide is also present. Binding of anti-peptide anti- 
bodies raised to potential extracellular domains of alntlp 
confirms surface localization in C. albicans blastospores. By 
Southern blotting, aINTI is unique to C. albicans. Expression 
of aINTI under control of a galactose-inducible promoter led 
to the production of germ tubes in haploid Saccharomyces 
cerevisiae and in the corresponding stel2 mutant. Germ tubes 
were not observed in haploid yeast transformed with vector 
alone, in transformants expressing a galactose-inducible gene 
from Chlamydomonas, or in transformants grown in the 
presence of glucose or raffinose. Transformants producing 
alntlp bound an anti-aM monoclonal antibody and exhibited 
enhanced aggregation. Studies of alntlp reveal novel roles for 
primitive integrin-like proteins in adhesion and in STE12- 
independent morphogenesis. 


The opportunistic pathogen Candida albicans is the leading 
cause of invasive fungal disease in neonates, diabetics, and 
immunocompromised patients and carries a high mortality 
despite prompt and appropriate anti-fungal therapy (1-3). 
Three important events in the pathogenesis of invasive can- 
didal infection include adhesion to epithelium, penetration of 
epithelial barriers, and hematogenous dissemination. Compli- 
cating this cascade is the yeast's ability to transform from 
blastospores at the epithelial surface to elongated structures 
(germ tubes, pseudohyphae, and mycelia) that invade under- 
lying tissues. 

Several investigators have reported the existence of surface 
proteins in C. albicans that are antigen ically, structurally, and 
functionally related to the a-subunits of the leukocyte inte- 
grins aM/02 (Mac-1; CDllb/CD18) and aX//32 (pl50,95; 
CDllc/CD18) (4-11). Many monoclonal antibodies (mAbs) 
recognizing epitopes of aM or aX bind to blastospores or germ 
tubes of C albicans (4-10). iC3b-coated sheep erythrocytes 
rosette with germ tubes of C. albicans (9), and the affinity 
constants for the binding of purified human iC3b to C. albicans 
or to leukocyte aM//32 are virtually identical (5, 12). Envi- 
ronmental conditions such as increased temperature or glu- 
cose concentrations ^10 mM augment not only the surface 
expression of this integrin-like protein (5, 11) but also the 
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binding of iC3b (12). Recognition of ligands containing the 
tripeptide sequence arginine-glycine-aspartic acid (RGD) fa- 
cilitates the adhesion of G albicans to endothelial and epithe- 
lial cells (6, 11). 

Among the leukocyte integrins, aM and aX share *»70% 
sequence homology and considerable functional identity. 
These two a-subunits, together with aL, al, and a2, contain 
an inserted or I domain of «*200 amino acids that is involved 
in ligand binding (13-15). Located just C-terminal to the I 
domain in aM/aX are three divalent cation-binding sites; at 
the C terminus are a membrane-spanning region and a cyto- 
plasmic tail, the latter containing a single tyrosine residue in 
aM and aX (13). 

This manuscript reports the isolation of a C. albicans gene 
encoding a protein that shares these integrin motifs. § More- 
over, expression of the gene product in haploid Saccharomyces 
cerevisiae is associated with the production of germ tubes 
independently of Stel2p, a yeast transcription factor required 
for morphologic change in response to mating pheromones and 
nutrient limitations in S. cerevisiae (16). These results open the 
way for the discovery of other integrin-like proteins in prim- 
itive eukaryotes, for their study as precursors of vertebrate 
integrins, and for more detailed investigation of their roles in 
signal transduction and morphogenesis. 

MATERIALS AND METHODS 

Yeast Strains, Plasmids, and Reagents for Cloning. C. 

albicans 10261 (B311, serotype A) was purchased as a lyophi- 
late (American Type Culture Collection). Candida tropicalis 
7555 was isolated from the blood of a fungemic patient by the 
University of Minnesota Clinical Microbiology Laboratory. 5. 
cerevisiae YPH500 (MAT a ura3-52 tys2-801 ade2-101 trpl-A63 
his3-A200 Ieu2-&1) is a galactose-utilizing strain obtained from 
the Yeast Genetic Stock Center (Berkeley, CA) (17). pBM272, 
an ARS/CEN-based yeast shuttle vector containing the URA 3 
gene and the S. cerevisiae GAL1-10 promoter (18), pGG201 
containing a 990-bp open reading frame encoding a DNA- 
binding protein from Chlamydomonas reinhardtii (19), a 
750-bp Cla l/Hindlll fragment of the C. albicans actin gene, 
and S. cerevisiae strain M12B-T2 were gifts from James Bodley, 
Judith Berman, Paul Magee, and Beatrice Magee (all of the 
University of Minnesota), respectively. pSUL16, a gift from 
Judith Berman, contains the 5. cerevisiae STE12 gene interrupted 
with the yeast LEU2 gene (20). Escherichia coli JM101, LE392, 
XLl-Blue-MRF', and pBluescript II SK(+) were obtained 
from Stratagene. 

Cloning of adNTl. DNA from spheroplasts of C. albicans 
10261 was isolated according to standard procedures (21), 
digested with Saw 3 A I, and packaged in AEMBL3 (Stratagene). 


Abbreviations: MM, minimal medium; mAb, monoclonal antibody. 
*To whom reprint requests should be addressed at: University of 
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Preliminary studies confirmed that a 3.5-kbp EcoRl fragment 
of C. albicans DNA hybridized with a 314-bp EcoRl/Sma I 
cDNA fragment derived from the transmembrane domain of 
human aM (kind gift of Dennis Hickstein, Veterans' Admin- 
istration Medical Center, Seattle). A library enriched for 3.0- 
to 3.8-kbp EcoRl fragments was constructed by digestion of 
genomic DNA with £coRI and ligation to pBluescript II 
SK(+). Primers for amplification of the EcoRl/ Sma I aM 
cDNA fragment were as follows: upstream primer, 5'- 
G A ATTCA ATGCTACCCTCA A: downstream primer, 5'- 
CCCGQQGGACCCCCTTCACr. Plasmid minipreparations 
from a total of 200 colonies were screened by the sib selection 
technique for hybridization at 50°C with 32 P-labeled PCR 
product after confirmation of its nucleotide sequence (13). 
Five clones were isolated from three successive screenings. Two 
of the five clones gave reproducible signals after hybridization 
with a degenerate oligonucleotide encoding a conserved se- 
quence (KVGFFK) in the cytoplasmic domain of aX (22): 
5'-AA(AG) GT(CT) GG(AT) TT(CT) TT(CT) AA(AG)-3'. 
Both clones contained a 3.5-kbp EcoRl insert and failed to 
hybridize with a degenerate oligonucleotide from the S. cerevisiae 
gene USOl (23): 5-GAA AT(ACT) GA(CT) GA(CT) TT(AG) 
ATG-3'. One of these clones (probe 2, Fig. I A) was chosen for 
further analysis. A 500-bp//indIII subfragment (probe 3, Fig. IA) 
was used to screen 20,000 clones from a library of C. albicans 
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10261 genomic DNA by the plaque hybridization technique (24). 
The largest hybridizing insert, a 10.5-kbp Sal I fragment (Fig. I A), 
was isolated by agarose gel electrophoresis, cloned, and se- 
quenced. 

Sequence Analysis. Both strands of the 10.5-kbp Sal I 
fragment were sequenced by the method of gene walking on an 
Applied Biosystems model 373 automated sequencer in the 
University of Minnesota Microchemical Facility. Nucleotide 
and protein sequence analyses were performed with the Ge- 
netics Computer Group (University of Wisconsin, Madison) 
Sequence Analysis Software Package, version 7.0 (25). 

Yeast Transformation and Gene Expression. The entire 
open reading frame of cJNTl (Bgl ll/Sal I fragment) was 
subcloned into pBM272 after digestion with BamHl and 5a/ 1, 
in order to place the GAL1-10 promoter upstream of the 
aINTI start codon (pCGOl). S. cerevisiae YPH500 was trans- 
formed with pBM272 or pCGOl by the lithium acetate pro- 
cedure (26). Transformants were selected on agar-based min- 
imal medium (MM = 0.17% yeast nitrogen base/0.5% am- 
monium sulfate) with 2% glucose, in the absence of uracil. 
Induction of aINTI was achieved by growing transformants 
containing pCGOl to mid-exponential phase in noninducing, 
nonrepressing medium (MM without uracil with 2% raffinose) 
at 30°C, then harvesting, washing, and resuspending them in 
inducing medium (MM without uracil with 2% galactose) at 
30°C. YPH500 and YPH500 transformed with vector alone 
(pBM272) were grown under the identical conditions. 

Southern and Northern Blotting. Genomic DNA and total 
RNA were isolated and electrophoresed by standard methods 
(27-30) and transferred to Hybond N+ nylon membranes 
(Amersham) by traditional capillary blotting. 

Flow Cytometry. Anti-peptide antibodies were prepared in 
rabbits (Cocalico Biologicals, Reamstown, PA) to a 23-mer 
peptide encompassing the second divalent cation-binding site 
[amino acid (aa) 596-618] and to a 17-mer peptide spanning 
the RGD site and flanking residues (aa 1142-1158) in aINTI. 
The IgG fractions of preimmune and immune rabbit sera were 
isolated on protein A-Sepharose (Pharmacia). Fluorescein 
isothiocyanate (FITC)-conjugated goat anti-rabbit IgG 
(Southern Biotechnology Associates) was used as the second- 
ary antibody. For experiments with 5. cerevisiae transformants, 
antibodies included OKM1 (anti-aM IgG2b) or MY9 as 
isotype control (Coulter) and FITC-conjugated goat anti- 
mouse IgM/IgG (Biosource International, Camarillo, CA) (7, 
11). 

Insertional Inactivation of STE12 in 5. cerevisiae, YPH500 
was transformed with pSUL16 by standard techniques (26) and 
chromosomal integrants of the disrupted STE12 gene were 
selected on leucine-deficient MM. After confirmation of ste- 
rility, ste!2 mutants were transformed with pCGOl as de- 
scribed above. 

Aggregation Assay. The degree of aggregation of C. albicans 
and S. cerevisiae transformants was determined according to 
published methods (31). 


Fig. 1. (A) Restriction map of the 10.5-kbp Sal I genomic DNA 
fragment isolated from C. albicans 10261, with the open reading frame 
indicated by the bold arrow. Probe 1, 3.8-kbp Xba I fragment used for 
Southern arid Northern blotting. S, Sal I; H, Hindlll; X, Xba I; Bg, Bgl 
II; C, Cta I; R, EcoRl. (B) Southern blot of genomic DNA from C 
albicans 10261 (lanes 1, 4, and 7), C. tropicalis 7555 (lanes 2, 5, and 8), 
and S. cerevisiae YPH500 (lanes 3, 6, and 9) digested with EcoRl (lanes 
1-3), Hin&Ul (lanes 4-6), and Xba I (lanes 7-9) and hybridized at high 
stringency with [a- 32 P]dGTP-labeled probe 1 (hybridization at 65°C, 
final wash in 0.2X SSC/0.1% SDS at 65°C). The high molecular weight 
band (>12 kbp in lane 7) most likely represents incompletely digested 
DNA. Positions of //mdlll-digested ADNA fragments are indicated on 
the far left. £coRI and //mdlll digests of four additional 5. cerevisiae 
isolates from clinical and laboratory sources, as well as isolates of 
Candida glabrata and Candida parapsilosis, also failed to hybridize with 
probe 1. 


RESULTS 

Restriction Map and Southern Blotting. The restriction map 
of aINTI with its 5' and 3' flanking sequences is displayed in 
Fig. I A. Fig. "IB shows that a 3.8-kbp Xba I probe from aINTI 
hybridized with EcoRl, /fridltl, and Xba I fragments from G 
albicans (lanes 1, 4, and 7) but not from C. tropicalis 7555 or 
5. cerevisiae YPH500. Among the yeast strains tested, this 
DNA fragment is unique to C. albicans. 

Sequence Analysis of cdNTL Analysis of the nucleotide 
sequence revealed an open reading frame sufficient to encode 
a 1664- residue polypeptide with a theoretical molecular mass 
of i87,989 Da and no extensive homologies with other pro- 
teins. Fig. 2 compares the derived aa sequence of alntlp with 
the characteristic motifs of several integrin a-subunits. bestfit 
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Fig. 2. Schematic diagram comparing the structures of aM, aX, 
and a2. with that of alntlp. Gray regions represent the ligand-binding 
or I domain, the EF-hand divalent cation-binding motifs are indicated 
in black, and the transmembrane regions are hatched. RGD indicates 
the approximate location of this sequence in alntlp (aa 1149-1151). 
The a-subunit schematic is modified from the sequence reported by 
Corbi et al (13). 

analysis (32) located a putative I domain at aa 230-470, with 
~18% identity to the I domain of human aM. Within this 
I-domain-like region are three potential partial MIDAS motifs 
(DXSX) for the coordination of divalent cations (33). This 
same region (aa 230-470) also displayed 25% identity to the 
nonrepeat region of the fibrinogen-binding protein of Staph- 
ylococcus aureus (34). Chou-Fasman analysis (35) indicated 
multiple a-helices, two of them bracketing the second of two 
possible EF-hand divalent cation-binding motifs (aa 283-295 
and aa 601-613). Fig. 3 shows that the amino acid sequence of 
the second divalent cation-binding site from alntlp differs 
from the EF-hand consensus sequence (36) at only one 
residue, a non-cation coordinating site. A hydrophobic se- 
quence is located at aa 1592-1617 as determined by Kyte- 
Doolittle hydrophobicity plotting (37). Just C-terminal to this 
putative membrane-spanning region in alntlp is a unique 
tyrosine residue, also present in the cytoplasmic tails of aM 
and aX (13, 22). 

In the upstream sequence, a putative TATA box is located 
at -34 from the start codon. The coding sequence also displays 
24 N-glycosylation sites, 6 cysteine residues, and the tripeptide 
sequence arginine-glycine-aspartic acid (RGD) (aa 1149- 
1151), a feature of many integrin ligands but not of integrins 
themselves. 

Localization of alntlp in C. albicans and 5. cerevisiae. 
Polyclonal antibodies prepared against the second divalent 
cation-binding site and the RGD sequence and flanking 
residues in alntlp recognized 64-82% of C. albicans blasto- 
spores, while preimmune IgG bound to only 0.5-1% of yeast 
cells (P < 0.0001) (Table 1). These results confirm that alntlp 
is a surface protein in C. albicans and that the second 
cation-binding site and the RGD site are in the extracellular 
region of the polypeptide. In S. cerevisiae, the binding of the 
anti-aM mAb OKM1 was significantly greater in transfor- 
mants expressing aINTI vs. transformants containing vector 
alone for percent yeasts fluorescing (19.0% vs. 6.2%; P ^ 


1 2 3 4 5 6 7 

(D) - X - (DNS) - (ILVFYW) - (DENSTG) - (DNQGHKR) - (GP) - 

8 9 10 11 12 13 

(ILVMO - (DENQTSGCA)-X-X-(DE)-(ILVMFYW) 

^ 123456789 10 11 12 13 

<xIntl P I 2tv295 N-N-N-N-S-K-N-V-S-D-M-D-S 
alntlp 11^, D-S-N-D-G-D-R- E-D-N-D-D-I 

Fig. 3. Comparison of divalent cation-binding motifs. (A) Con- 
sensus sequence for the 13-residue EF-hand divalent cation-binding 
motif (36). (B) The N-terrainal (I) and more distal cation-binding site 
(II) in alntlp. The standard single tetter code for aa residues is used. 
(. . .), Acceptable amino acids; {.. .}, unacceptable amino acids; X, any 
amino acid. Cation coordinating sites are indicated in boldface type. 


Table 1. Percent yeasts fluorescing and mean channel 
fluorescence of C. albicans blastospores after incubation with 
anti-peptide antibodies 


Antibody 
source 


% yeasts 
fluorescing 


Mean channel 
fluorescence 


Control 12 
UMN12 
Control 13 
UMN13 


1.0 ± 0.5 
82.4 ± 8.6* 
0.40 ± 0.36 
64.1 ± 2.3* 


67.4 ± 24.6 
317.0 ± 24.7* 

36.4 ± 9.2 
266.7 ± 9.2* 


Values represent the mean ± SD of three experiments done on 
different days using different aliqupts of C albicans 10261. UMN12 is 
the antibody to the second divalent cation-binding motif and UMN13 
is the antibody to the RGD region of alntlp. Control 12 and 13 are 
preimmune IgGs from rabbits prior to immunization with UMN12 and 
UMN13, respectively. A one-tailed Student's t test was used for 
statistical calculations. 
*/* < 0.0001 vs. control in all comparisons. 

0.004) and for mean channel fluorescence (181.8 vs. 65.7; P ^ 
0.013). These results confirm that alntlp is surface-borne in 5. 
cerevisiae transformants and is recognized by an anti-integrin 
mAb. 

Expression of aINTI in C. albicans and S. cerevisiae. Hy- 
bridization of probe 1 with total RNA isolated from C. albicans 
blastospores detected message of **5.5 kb (Fig. 4A). In S. 
cerevisiae, cJNTl message was detected in pCGOl transfor- 
mants 6 hr after induction with 2% galactose and continued to 
be expressed for at least 24 hr (Fig. 4B, lanes 1 and 3). As 
expected, message was not detected in pCGOl transformants 
grown under conditions of repression (Fig. 45, lanes 2 and 4) 
or in pBM272 transformants (Fig. 4B, lanes 5 and 6). 

Coincident with the detection of aINTI message, the ma- 
jority of the pCGOl transformants formed elongated cell 
projections reminiscent of germ tubes (Fig. 5/4), These struc- 
tures continued to be present for 24 hr and could be detected 
at galactose concentrations s 0.05%. pCGOl transformants 
exhibited polar budding, typical of haploid organisms, rather 
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Fig. 4. {A) Northern blot of C. albicans 10261 total RNA isolated 
from blastospores in mid-exponential growth (arrow) in MM with 2% 
glucose and hybridized with probe 1 (see Fig. 1A). (B) Northern blot 
of total RNA from S. cerevisiae transformants: pCGOl transformants 
grown in galactose (lanes 1 and 3), pBM272 transformants grown in 
galactose (lanes 5 and 6), and pCGOl transformants grown to mid- 
exponential phase (lane 2) and to late exponential phase (lane 4) under 
conditions of repression (2% glucose). Probe 1 was used for hybrid- 
ization. The diffuse signal at 2 kbp in lanes 2 and 4 represents 
nonspecific binding of the probe to the 18S ribosomal RNA band. The 
signal at 1.5 kbp represents actin transcript. 
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Fig. 5. Phase-contrast photomicrographs of S. cerevisiae transfer- 
mants. pCGOl transformants (A) were grown to exponential phase in 
raffinose and then induced with 2% galactose for 6-24 nr. pBM272 
transformants (vector without gene) (B), the parent strain YPH500 
(C), C albicans 10261 (D), and pGG201 transformants (galactose- 
inducible C reinhardtii gene) (E) were grown identically. All yeast cells 
were photographed with a Leitz Wetzlar Laborlux 12 microscope 
equipped with a WILD MP551 Camera (Heerbrugg, Switzerland). 
(X500.) 

than apical budding, which is typical of diploid organisms. 
pCGOl transformants (MATa) mated to a MAT* yeast strain 
were able to form diploid organisms (data not shown). 

pBM272 transformants, YPH500, and C. albicans 10261 did 
not form germ tubes when grown under the identical condi- 
tions (Fig. 5 B-D). pCGOl transformants did not exhibit germ 
tubes when grown in 2% raffinose, 2% glucose, or noninducing 
concentrations of galactose (0.02%) or when cured of the 
plasmid (data not shown). In addition, no germ tubes were 
observed with the galactose-induced expression of an «*300- 
residue DNA-binding protein from C. reinhardtii (Fig. 5E). 
pCGOl transformants exhibited germ tubes during growth in 
liquid and on solid medium (MM with 2% galactose). Germ 
tubes were also observed in yeast strain M12B-T2 transformed 
with pCGOl. Thus, the induction of germ tubes in haploid S. 
cerevisiae is specific to expression of odNTl from the plasmid 
pCGOl. 

Ability of Yeast Transformants to Aggregate. The aggrega- 
tion index of pCGOl transformants equaled that of C. albicans 
germ tubes and significantly exceeded the aggregation index of 
C. albicans blastospores and 5. cerevisiae pBM272 transfor- 
mants (Table 2). This finding suggests that S. cerevisiae germ 

Table 2. Percent aggregation of C. albicans and 5. 
cerevisiae transformants 

% 

Yeast aggregation * 

C albicans 

Blastospores 62 ± 1 

Hyphae 89 ± 4t 

S. cerevisiae 

pBM272 65 ± 4 
< pCGOl 80 ±2* 

Values represent the mean ± SEM of four experiments, each done 
in triplicate. C. albicans blastospores were grown to mid-exponential 
phase in YPD medium (1% yeast extract/2% peptone/2% glucose) at 
30°C C. albicans hyphae were prepared by growth at 37°C in RPMI 
1640 medium (GIBCO/BRL). S. cerevisiae pBM272 and pCGOl were 
grown in galactose-containing medium (see text). 
*% aggregation = 100 x (OD540 final - OD540 initial)/OD54o final. 

A two-tailed Student's t test was used to determine statistical 

significance. 

t/> = 0.0013 vs. C albicans blastospores. 
*P = 0.026 vs. 5. cerevisiae pBM272. 


1 2 



Fig. 6. (A) Cla I digests of genomic DNA from wild-type YPH500 
(lane 1) and stel2 mutant (lane 2). The blot was probed at high 
stringency with a 600-bp Sph l/Cla I fragment from pSUL16. (B) 
Phase-contrast photomicrograph of YPH500 ste!2 mutants trans- 
formed with pCGOl and grown in galactose for induction of aJNTL 


tubes synthesizing alntlp are functionally similar to germ 
tubes in C albicans. 

Induction of Germ Tubes in stel2 Mutants of 5. cerevisiae. 
Insertional inactivation of STEl 2 in YPH500 shifted the Cla I 
digestion fragment from 5.2 ± 0.1 kbp in the parent to 4.1 ± 
0.1 kbp in the stel2 mutant (Fig. 6/4).. The EcoRl fragment 
shifted from 10.5 ± 0.7 kbp (parent) to 5.0 ± 0.2 kbp (mutant). 
ste!2 mutants were unable to mate. After transformation of 
stel2 mutants with pCGOl and induction of cdNTl expression 
by growth in galactose, the mutants formed germ tubes (Fig. 
65). Therefore, the observed morphological change is inde- 
pendent of STE12. 

DISCUSSION 

We have isolated a gene encoding a putative integrin-like 
protein in C. albicans by screening a genomic library with 
conserved sequences from the transmembrane and cytoplas- 
mic domains of human aM. alntlp exhibits several motifs 
common to a-integrin subunits, including two EF-hand motifs 
and three partial MIDAS motifs within a putative I domain, a 
membrane-spanning domain, and a cytoplasmic tail with a 
conserved tyrosine residue at the C terminus. Because aM and 
aX recognize iC3b and fibrinogen as ligands (13), a 25% 
identity with the fibrinogen-binding protein of S, aureus (34) 
provides additional evidence for relationship. 

Divalent cation-binding sites in the amino acid sequence of 
aM provided initial evidence of the leukocyte integrins* 
relationship to other vertebrate integrins (13). Both cation- 
binding motifs in alntlp conform to the classic EF-hand 
consensus sequence. In comparison, two of the three cation- 
binding sites in aM agree at 11 of 13 residues; one of these and 
the third site require a gap to improve the alignment (13). 
Chou-Fasman analysis indicates that both divalent cation- 
binding sites in alntlp, but not aM, are bracketed by a-helices, 
a conformation that facilitates cation binding (38). In addition, 
alntlp contains three partial MIDAS motifs (DXSX) within 
the putative I domain. A full or partial MIDAS motif is present 
in all members of the I domain superfamily (15, 33). Of note, 
an I-domain-like sequence in S. cerevisiae Usolp binds iC3b 
and the anti-aM mAb Mn41 (39) but has no divalent cation- 
binding sites or MIDAS motifs. 

The presence of an I domain and an RGD sequence in the 
extracellular region of alntlp should contribute to the adhe- 
sive capabilities of this protein. For example, an extracellular 
RGD sequence in the filamentous hemagglutinin oiBordetella 
pertussis facilitates adhesion of the bacterium to eukaryotic 


Medical Sciences: Gale et al. 


Proc. Natl. Acad. Sci. USA 93 (1996) 


361 


cells (40). Another putative candidal adhesin is encoded by a 
3.3-kbp genomic DNA fragment and enables transformed S. 
cerevisiae to adhere to polystyrene or buccal epithelial cells 
(41). However, its restriction map differs markedly from that 
of aINTI, and the nucleotide sequence has not been published. 

In addition to a role as an adhesin, alntlp leads to the 
production of germ tubes in haploid S. cerevisiae in a process 
independent of STE12. Although the morphological change 
correlates with expression of the candidal gene product and 
not with the production of other foreign proteins, we cannot 
discount the possibilities that alntlp unnaturally disrupts the 
cytoskeletal architecture or the growth cycle or that other 
recognized morphogenic cascades, such as those involving the 
CDC genes (42, 43), may be implicated. 

To date, only two genes that participate in morphogenesis in 
C. albicans have been reported. ACPR> also called CPH1, 
encodes a protein of 699 aa that is 74% identical to S. cerevisiae 
Stel2p (44, 45). STE12 is an essential gene in at least two 
pathways involved in morphogenesis in 5. cerevisiae: the in- 
duction of pseudohyphae in diploid cells on nitrogen-limited 
medium (46) and the invasive response of haploid cells on rich 
solid medium (47). Thus, the induction of germ tubes in S. 
cerevisiae transformants expressing aINTI after insertional 
inactivation of STE12 suggests a novel pathway for integrin- 
mediated signaling. The second gene, PHR1 9 encodes an 
^580-aa polypeptide essential for pH-dependent morphogen- 
esis in C. albicans (4S).ACPR and PHR1 encode intracellular 
regulatory proteins. The isolation of a gene encoding a sur- 
face-borne, integrin-like protein in C. albicans and its ability to 
induce morphological variants in haploid S. cerevisiae empha- 
size potential roles for aINTI in pathogenesis, signal trans- 
duction, and differentiation in C. albicans and S. cerevisiae. 
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Herein we describe the cDNA sequence of a novel 
human gene, ITGBL1, encoding a p integrin-related 
protein termed TIED [for ten p integrin epidermal 
growth factor (EGF)-like repeat domains]. Overlap- 
ping cDNA clones from fetal lung, HUVEC, and osteo- 
blast cDNA libraries encode a sequence comprising a 
typical signal peptide, followed by a hydrophilic 471- 
amino-acid domain containing 10 tandem EGF-like re- 
peats strikingly similar to those found in the cysteine- 
rich "stalk-like" structure of integrin p subunits. The 
EGF-like repeats of TIED and p integrins are unique in 
that they alternate in homology and possess two addi- 
tional cysteines (eight in total) whose positions differ 
from those in the other eight-cysteine EGF-like do- 
mains of laminin, fibrillin, and the latent TGF-/3 bind- 
ing proteins. TIED mRNA transcripts of 2.8 kb were 
detected in aorta, thymus, and osteogenic sarcoma 
cells. The ITGBL1 gene was mapped to human chro- 
mosome 13, band 13q33. We suggest that ITGBL1 may 
be linked in some way with the evolution of the inte- 
grin p SUbunitS. © 1999 Academic Press 


INTRODUCTION 

Integrins are a superfamily of dimeric aj3 cell-surface 
glycoproteins that mediate the adhesive functions of 
many cell types, enabling cells to interact with one 
another and with the extracellular matrix (ECM) (re- 
viewed by Hynes, 1992). Electron microscopy reveals 
that integrins have a globular ligand-binding head 
composed of parts of both subunits and two stalks that 
extend to the plasma membrane (Carrell et aL, 1985; 

Sequence data from this article have been deposited with the 
EMBL/GenBank Data Libraries under Accession No. AF072752. 

1 To whom correspondence should be addressed. Telephone: (64) 
9 373-7599, Ext 6280. Fax: (64) 9 373 7492. E-mail: gw.krissansen@ 
auckland.ac.nz. 


Nermut et aL, 1988). All eight identified integrin ]3 
subunits are highly similar (31-46% amino acid iden- 
tity), where the stalk region is composed of a fourfold 
repeat of a cysteine-rich segment that is thought to be 
internally disulfide-bonded. No function has been as- 
cribed to the stalk region, apart from the fact that it 
probably facilitates ligand binding by ensuring that the 
globular head extends beyond the glycocalyx. The stalk 
region appears to be a conduit for signaling events that 
either lead to integrin activation or are induced in 
response to ligand binding. Thus the AG89 mAb pref- 
erentially recognizes the cysteine repeat region follow- 
ing integrin activation and can itself induce activation 
of J31-integrin (Takagi et aL, 1997). 

A previous comparison had revealed that the inte- 
grin p subunit cysteine-rich repeats were homologous 
with a cysteine-rich repeat region in domain III of 
laminin B chains (Yuan et aL, 1990). The four cysteine- 
rich repeats in p integrin subunits were most related to 
the first four repeats in domain III (20-40%). Part of 
the repeat unit of the laminin Bl chain was shown to 
contain a sequence similar to an EGF domain; how- 
ever, the cysteine repeats in laminin are larger than 
those of EGF and contain eight rather than six cysteine 
residues (Pikkarainen et aL, 1988). Pairwise sequence 
identity comparisons between EGF modules of differ- 
ent proteins suggest that the laminin EGF repeats, 
and hence also the integrin repeats, are "outliers" and 
should be described as EGF-like until 3D structural 
comparisons can confirm their family membership 
(Campbell and Bork, 1993). 

EGF-like domains contained in many growth factors, 
receptors, adhesion molecules, and proteins of the co- 
agulation and fibrinolytic pathway have either been 
shown or are expected to participate in protein-protein 
or protein- cell interactions (Campbell and Bork, 1993; 
Appella et aL, 1988; Engels 1989). Interestingly, EGF 
domains in several proteins, including the integrin /35 
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(Ramaswamy and Hemler, 1990) and j36 (Sheppard et 
aL, 1990) subunits, the laminin- associated protein ni- 
dogen (Timpl et aL, 1990), the glycoproteins PAS-6/7 
(Andersen et al, 1997) and lactadherin (Taylor et al, 
1997), and entactin (Dong et aL, 1995), contain the 
small tripeptide RGD, which is a major integrin bind- 
ing site. Thus PAS-6/7 and lactadherin bind the inte- 
grin av/35 in an RGD-dependent fashion, and the RGD 
motifs in entactin bind avj33 and possibly a3/31. These 
EGF domains may participate in integrin-mediated 
RGD-dependent cell adhesion events. The site in lami- 
nin that mediates cell attachment, migration, and re- 
ceptor binding was localized to the peptide CDPGY- 
IGSR in the EGF-like repeat domain III of the Bl chain 
(Graf etaL, 1987). EGF domains in some ECM proteins 
are mitogenic as exemplified by those in the inner short 
arm structures of laminin (Panayotou et aL, 1989). 

Here we report the cDNA sequence of a new member 
of the EGF-like protein family, termed TIED, that has 
the potential to provide novel insights into the evolu- 
tion and alternative functions of the stalk structure of 
integrin j8 subunits. 

MATERIALS AND METHODS 

Cell culture. The human osteogenic sarcoma U-20S cell line 
(Ponten and Saksela, 1967) obtained from the American Type Cul- 
ture Collection (ATCC) was cultured in McCoy s 5A medium supple- 
mented with 10% FBS, 2 mM glutamine, 50 jug/ml penicillin, and 50 
/jtg/ml streptomycin, at 37°C in a 5% C0 2 atmosphere. 

Screening ofcDNA libraries. The TIED cDNA was initially iden- 
tified as an expressed sequence tag (EST) following screens for inte- 
grin homology in an EST cDNA database using the BLAST network 
service provided by the National Center for Biotechnology Informa- 
tion. Partial-length TIED cDNA clones HSRAZ62 and HLHFV34 
were identified in databases from human osteoclastoma and fetal 
lung cDNA libraries, respectively. Further clones were identified by 
screening fetal lung and umbilical vein endothelial cDNA libraries 
constructed using the LambdaZAP II vector (Stratagene, La Jolla, 
CA). Libraries were replica plated onto Gene Screen Plus filters 
(DuPont, Boston, MA), and screened as described previously (Yuan et 
al, 1992) using either a 900- bp EcoKUEcoKl fragment from clone 
HLHFV34 or a 223-bp PCR product, encompassing nucleotides 1216 
to 1438, generated by PCR with the primers 62F 5'-ATGACGGAA- 
GAACAAAGCAAGAA-3' and 62R 5'-ATCCATCCCAGCAATCA- 
CAGTT-3' from clone HSRAZ62. 

DNA sequencing. DNA sequences were determined by cycle se- 
quencing using an Applied Biosystems 373A automated DNA se- 
quenator (The Centre for Gene Technology, School of Biological Sci- 
ences. University of Auckland, Auckland, New Zealand). The 
composite TIED sequence was obtained on both strands of the over- 
lapping cDNA clones HSRAZ62, HLHFV34, S0003.9, HOHCH55, 
and HUVEC5.1.1, using a combination of Universal M13 and se- 
quence-specific primers. Sequence analysis was performed using the 
Wisconsin package version 9.1 from the Genetics Computer Group 
(GCG) (Madison, WI). 

Polymerase chain reaction (PCR). The expression of ITGBL1 was 
analyzed by PCR using DNA templates from a human thymus cDNA 
library (ATCC) and cDNA prepared from mRNA extracted from 
U-20S cells. Thermocycling parameters were 94 °C for 1 min; 30 
cycles of 94°C for 30 s, 58X for 30 s, and 72°C for 30 s; followed by 
a final extension at 72°C for 3 min. For the chromosomal assignment, 
PCR was initially carried out with 24 cell hybrid DNAs in which 14 
of the hybrids contained a single chromosome and the remaining 10 


contained two to three chromosomes or one to three chromosomal 
fragments (Kelsell et al., 1995). Subsequently a set of 7 cell hybrid 
DNAs was employed, in which cell hybrids MOG34A4, DUR4.3. 
SIR74ii, and LSR34S49 contain chromosome 13, and hybrids 
TWIN19-D12, CTP34B4, and DTI. 2.4 together contain all other hu- 
man chromosomes except for chromosomes 13, 9, and 19. Two prim- 
ers, GM-F (5'-CGAATGAAATCCGAGTACCTATTAG-3') and GM-R 
(5'-GCATCCCTGGCCTCTACCCAC-3'), were designed to amplify a 
region encompassing nucleotides 1618 to 1839 of the TIED cDNA 
sequence. They amplified a PCR product of 222 bp from human DNA. 
but not from mouse or hamster DNA. The PCR conditions for am- 
plification from cell hybrid DNAs were as above except that anneal- 
ing was carried out at 62°C and extension lasted for 45 s. PCR 
products were resolved on 2% agarose gels, stained with ethidium 
bromide, and transferred to GeneScreen Plus. Blots were hybridized 
with a 32 P-labeled 2.5 kb NotllNotl fragment of clone HOHCH55 in 
5x SSC, 5x Denhardt's solution, 50% formamide, with 1% SDS and 
100 ^g/ml denatured salmon sperm DNA, at 42°C. They were 
washed twice in 0.1 x SSC, 0.1% SDS at 60°C for 30 min and auto- 
radiographed. 

Fluorescence in situ hybridization (FISH). Metaphase spreads 
were prepared from phytohemagluttinin-stimulated peripheral 
blood lymphocytes of a 46, XY male donor using standard cytogenetic 
procedures. The 2.5-kb insert of clone HOHCH55 was labeled with 
biotin-16-dUTP using a Btotin High Prime labelling kit (Boehringer 
Mannheim). Conditions for hybridization and immunofluorescent 
detection were essentially as described (Morris et al, 1993), except 
that Cot 1 suppression was not required, slides were washed with 
0. 1 X SSC at 60°C, and an additional amplification step was included. 
For precise chromosome band localization. DAPI and FITC images 
were captured separately for each metaphase from the fluorescence 
microscope using a Photometries KAF1400 CCD camera and QUIPS 
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FIG. 1. Alignment of TIED cDNA clones, and their nucleotide 
and deduced amino acid sequences. (A) Partial restriction map of the 
composite TIED cDNA sequence and alignment of cDNA clones. The 
schematic at the top shows the open reading frame (ORF) as an open 
box, and 5'- and 3' -untranslated regions are shown as solid lines. The 
positions of recognition sites for the restriction enzymes PvuW (P), 
Hindlll (H), Smal (S), and EcoRl (E) are indicated by vertical lines. 
The relative positioning of the TIED cDNA clones, which were se- 
quenced on both strands, is indicated at the bottom with solid lines. 
The dashed region in HOHCH55 was sequenced on one strand only. 
The dotted 3 '-untranslated regions in HLHFV34 and HUVEC5.1.1 
denote sequence variation with corresponding regions in HSRAZ62, 
S0003.9, and HOHCH55. The scale bar indicates 200 bp. (B) Nucle- 
otide and deduced amino acid sequences of the TIED molecule. The 
numbers in the left margin refer to nucleotide and amino acid posi- 
tions. The first nucleotide of the start codon and the initiator methi- 
onine have each been assigned position 1. The 10 cysteine-rich inte- 
grin /3- and EGF-like repeats are indicated with solid lines below the 
aa sequence, and the Cys residues in each repeat are numbered after 
Yuan etal (1990). The stop codon is represented by an asterisk, the 
putative signal peptide and polyadenylation signal site (AATAAA) 
are underlined, and a potential site for N-linked glycosylation at 
position 405 is indicated (®). 
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-219 ACCAGCACCCCGCCCAGAGCAGTGCCGCTGCCCAAATCC 
- 1 8 0 TCGCAGGCAGCTCATCAACGCAATTGCAACTCCGGCTGGAGCCCCGGACCTGCAAGCCTGGGTGTCCGTGGGTCCGTCTGCCCAGCC ATC 
-90 TGCTGGTGGCACCTCTCCCTCCTGCCGCCTCCCTCGGTGAACCCCACCTTGCAGAAGTGCAGCTCGCCCGGAGCAGCCCAGGAGCTCAGC 
1 ATGCGTCCCCCAGGCTTCAGGAACTTCTTGCTGCTGGCGTCCTCCCTTCTCTTTGCTGGGTTGTCAGCTGTTCCTCAAAGCTTCTCGCCA 
1 MRPPGFRNFLLLASSLLFAGLSA V P Q S F S P 

91 TCTCTGAGGAGCTGGCCGGGCGCCGCCTGCAGGCTGTCCCGGGCCGAGTCCGAGCGACGCTGCCGCGCACCTGGGCAGCCCCCGGGGGCC 
31 SLRSWPGAACRLSRAESERRCRAPGQPPGA 

1 

181 GCGCTGTGCCACGGCCGGGGCCGCTGCGACTGCGGCGTCTGCATCTGCCACGTGACTGAGCCGGGCATGTTCTTCGGGCCCCTGTGTGAG 
61 ALCHGRGRC DCGVCICHVTEPGMFFGPLCE 

2 3 4 5 6 7 

271 TGCC AT GAG TGGGTGTGCGAG ACCT ACG AC GGGAGC ACCTGTGC AGGCC ATGGT AAGT GT G AC T GTGGC AAGT GC AAGT GT G AC C AGGG A 
91 CHEWVCETYDGSTCAGHGKCDCGKCKCDQG 

8 l 2 3 4 5 6 

361 TGGT ATGGGGATGCTTGC C AGT AC CC AAC T AAC T GTGACTTGAC AAAGAAG AAAAGT AAC C AAAT GT GC AAG AATT C AC AAGAC ATC ATC 
121 WYGDACQYPTNCDLTKKKSNQMCKNSQDII 

7 8 1 

451 TGCTCTAATGCAGGT AC ATGTCACTGTGGCAGGTGTAAGTGTGATAATTC AG ATGGAAGTGGACTTGTGT ATGGT AAAT TTTGTGAGTGT 
151 CSNAGTCHCGRCKCDNSDGSGLVYGKFCEC 

2 3 4 5 6 7 8 

541 GACGATAGAGAATGCATAGACGATGAAACAGAAGAAATATGTGGAGGCCATGGGAAGTGTTACTGTGGAAACTGCTACTGCAAGGCTGGT 
181 DDRECIDDETEEICGGHGKCYCGNCYCKAG 

1 2 3 4 5 6 

631 TGGCATGGAGATAAATGTGAATTCCAGTGCGATATCACCCCCTGGGAAAGCAAGCGAAGATGCACGTCTCCAGATGGCAAAATCTGCAGT 
211 WHGDKCEFQCDITPWESKRRCTS PDGKICS 

7 8 1 2 

721 AACAGAGGGACTTGTGTATGTGGTGAATGTACCTGTCACGATGTTGATCCGACTGGGGACTGGGGAGATATTCATGGGGACACCTGTGAA 
241 NRGTCVCGECTCHDVDPTGDWGDIHGDTCE 

3 4 5 g 7 

811 TGTGATGAGAGGGACTGTAGAGCTGTCTATGACCGATATTCTGATGACTTCTGTTCAGGTCATGGACAGTGTAATTGCGGAAGATGTGAC 
271 CDERDCRAVYDRYSDDFCSGHGQCNCGRCD 

8 1 2 3 4 5 

901 TGC AAAGC AGGC T GG T AT GGG AAGAAGTGTG AGC ACC C AC AGTCCT GC ACGC TGTC AGCTGAGG AG AGC ATC AG G AAGTGC C AGGG AAGC 
301 CKAGWYGKKCEHPQSCTLSAEES IRKCQGS 

6 7 8 1 

991 TC GGATCTGCCTTGCTCTGGGAGGGGTAAATGTGAAT GTGGC AAAT GC ACCT GCT AT CCTCCAGG AG AT CGCCGGGTGT AT GGC AAGAC T 
331 SDL PCSGRGKCECGKCTCY PPGDRRVYGKT 

2 3 4 5 6 

1081 TGTGAGTGTGATGATCGCCGCTGTGAAGACCTCGATGGTGTGGTCTGTGGAGGCCACGGCACATGTTCCTGTGGTCGCTGTGTTTGTGAG 
361 CECDDRRCEDLDGVVCGGHGTCS CGRCVCE 

7 8 1 2 3 4 4 6 

1171 AGAGGATGGTTTGGAAAGCTCTGCCAACATCCGCGGAAGTGTAACATGACGGAAGAACAAAGCAAGAATCTGTGTGAATCAGCAGATGGC 
391 RGWFGKLCQHPRKCNMTEEQSKNLC ESAD G 

7 8 <8> 1 

1261 ATATTGTGCTCGGGGAAGGGTTCTTGTCATTGTGGGAAGTGCATTTGTTCTGCTGAAGAGTGGTATATTTCTGGGGAGTTCTGTGACTGT 
421 ILCSGKGSCHCGKCICSAEEWYI SGEFCDC 

2 3 4 5 6 7 8 

1351 GATGACAGAG ACTGCG ACAAAC ATGATGGTCTC ATTTGT AC AGGGAATGG AAT ATGT AGCTGTGG AAACTGTGAATGCTGGGATGGATGG 
451 DDRDCDKHDGLICTGNGICSCGNCECWDGW 

1 2 3 4 5 6 

1441 AATGGAAATGC ATGTGAAATCTGGCTTGGCTCAGAATATCCTTAACAATTACATGAGAGAGGTCTGGATTCTTATTTTTTCTGGGCCATT 
481 NGNACEIWLGSEYP* 

7 

1531 AGAACATATAAATGCGAAGGAAACCATGTATATTCACCACTAGGACAGGTTAAAAAGACCATTGTATGTTTTTCTATTTCTGAATTACGA 
1621 ATGAAATCCGAGTACCTATTAGAAATGAGTTATGCAAATTTAGATGCAAATAAC ATTAGAAAAAAAAGATTCTTCCATAATTAACATAAG 
1711 TGGTTCCTAACGAGAGCAATTTTTCCACCCAAAAGTCATTTGGCAACATCTACAGACAATTTTGATTGTCACACTGGGTCGGGTAGGAAG 
1801 GTATGCTGCAGACATTTGGTGGGTAGAGGCCAGGGATGCTGCTGAGCATCCCGCAGTGTACAGGACAGCCCCCAAACAAGGAATTATCCA 
1891 GCCCCAAATGCCAATAGGGCTCAAACTGAGAAACATTGAGTTATATGGCTATTAGAAATCCACATTCTTACACAAGAAAGACCATATTAG 
1981 AATCTAAGGAAAACATGCATATTCACATTAATTAATCGATCAGATTTTTCCAGAATTCCGTATCAGTCACCATTTTAATATGGGGACAAT 
2071 G AAG AC AAGC AC AC AGGAGGT AG AAT AT C AG AGT GGG GCTGG ATC AAGGGC AAAAAC TGG T C AT T AAGT CAT C TG AC AT T AAATC ATTT A 
2161 GCCACTAAGTTATTTGTGTACTCTCACTTTAAACTCACCAAAGAAGATTCTCTTAAAGAAATTATGAAAAATGTACAATTTAACATTTTA 
2251 AATAAA TAGTGACAGAAGTTGTTTAAAAA 

FIG. 1— Continued 


(Vysis Inc., Downers Grove, IL) Smartcapture FISH software (ver- 
sion 1.3). QUIPS CGH/Karyo typing software (version 3.0.2) assisted 
in karyotype analysis. 

Northern blot analysis. Human MTN I and II filters and a Hu- 
man RNA Master Blot (Clontech) were screened with the 32 P-labeIed 
900-bp EcoRI/EcoRl fragment of the insert of clone HLHFV34. Hy- 
bridization was carried out at 60°C in ExpressHyb solution (Clon- 
tech). Filters were washed twice in 0.1 x SSC, 1% SDS at 50°C for 30 
min and auto radiographed. Total RNA was isolated from the osteo- 
genic sarcoma cell line U-20S as described (Chomczynski and Sac- 
chi, 1987), separated on 1% agarose formaldehyde gels, and trans- 
ferred to GeneScreen Plus. Blots were hybridized with the 32 P- 
labeled 2.5-kb insert of clone HOHCH55 in 5x SSC, 5X Denhardts 
solution, 50% formamide, with 1% SDS and 100 /tig/ml denatured 


salmon sperm DNA, at 42°C. They were washed twice in 0.1 x SSC, 
0.1% SDS at 50°C for 30 min and autoradiographed. 

RESULTS AND DISCUSSION 

Cloning of a Novel Integrin J3 Subunit-Related 
Molecule 

A homology search (Altschul etaL, 1990) of a human 
EST cDNA database generated through the combined 
efforts of Human Genome Sciences, Inc. and The Insti- 
tute for Genomic Research (Adams et aL, 1995; Feng et 
al, 1996), using the known amino acid sequences of 
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integrin subunits, identified clones HSRAZ62 and HL- 
HFV34 from osteoclastoma and fetal lung cDNA librar- 
ies, respectively, which represented a potential novel 
integrin j3 subunit. The HSRAZ62 clone was sequenced 
on both strands, and alignment of the translated se- 
quence with integrin ]3 subunit sequences revealed 
that it encoded two complete cysteine repeat domains 
highly similar to those contained in the j3 integrin 
stalk-like structure. However, no N-terminal methio- 
nine initiation codon was present, and the last cysteine 
repeat was not followed by a transmembrane domain, 
as in integrin j3 subunits. To isolate the full-length 
sequence for this unusual clone, a 223-bp HSRAZ62- 
derived PCR product (refer to Materials and Methods) 
was used to screen a variety of cDNA libraries includ- 
ing two prepared from human fetal lung and umbilical 
vein endothelial cells, from which positive clones were 
obtained. Clone S0003.9 from the fetal lung library and 
clone HUVEC5.1.1 from the endothelial cell library 
both extended the HSRAZ62 sequence, and a subse- 
quent screen of the EST database identified the poten- 
tial full-length cDNA clone HOHCH55 from an osteo- 
blast cell cDNA library (Fig.lA). 

Structure of the TIED ("Ten /3 Integrin EGF-like 
Repeat Domains") Molecule 

The nucleotide and deduced amino acid sequence of 
the complete TIED molecule derived from the compos- 
ite cDNA is shown in Fig. IB. The 2493-nucleotide 
sequence includes 219 nucleotides of 5 '-untranslated 
sequence, a 1485-nucleotide open reading frame encod- 
ing 494 amino acid residues, and 789 nucleotides of 
3 '-untranslated sequence that includes a consensus 
AATAAA poly (A) signal followed 18 nucleotides later 
by a poly(A) stretch. The presumptive methionine 
translational start codon is flanked by sequence that 
resembles but is not identical to a classical Kozak 
consensus, PurNNAUGPur. Nevertheless it is followed 
by a hydrophobic stretch of 23 amino acid residues that 
is typical of a signal peptide sequence (Fig. 2A). A 
recently submitted EST from the Washington Univer- 
sity-NCI Human EST Project (Accession No. 
AA4 17383) extends the HOHCH55 sequence by 59 nu- 
cleotides and incorporates an in-frame stop codon, ren- 
dering it unlikely that the open reading frame extends 
upstream of the designated start codon. The putative 
signal peptide is followed by a predominantly hydro- 
philic domain of 471 amino acid residues, containing 10 
EGF-like cysteine-rich repeats. The last repeat is in- 
complete, missing the C-terminal cysteine. The pre- 
dicted molecular mass of an unglycosylated form of the 
mature protein is 51,4 kDa; however, there is one po- 
tential N-linked glycosylation site, Asn 405. 

As this work was nearing completion, a BLAST 
search of the GenBank database revealed an entry, 
AB008375, whose sequence was essentially identical to 
that of TIED, except that it contains an extra G residue 
at nucleotide position 337, which alters the reading 
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FIG. 2. Hydropathy and internal similarity plots of the TIED 
molecule. (A) Hydropathy plot (Kyte and Doolittle, 1982) of the 
deduced TIED protein, illustrating the hydrophobicity of the first 23 
amino acid residues predicted to represent a functional signal pep- 
tide. (B) Dot-matrix comparison illustrating the repetitive nature of 
the deduced amino acid sequence of TIED. In this GCG plot, amino 
acid residues in the TIED sequence are compared with one another 
in pairwise fashion. Similarities are converted to dots that form 
clusters and diagonal lines, with complete identity along the central 
diagonal. 

frame. Thus the encoded molecule is N-terminally 
truncated, being identical to TIED C-terminal to amino 
acid residue Gly 113, but extending only 21 residues 
further N-terminal. In addition to several nucleotide 
substitutions, AB008375 harbors a 68-bp deletion (nu- 
cleotides 145 to 212). The encoded molecule was pro- 
posed to be osteoblast-specific, but this seems unlikely 
given our expression data for TIED. 

The TIED EGF-like Domains Are Remarkably 
Similar to Those of Integrin j3 Subunits 

The repetitious modular structure of TIED is most 
clearly illustrated in Fig. 2B by a dot-matrix compari- 
son, where the presence of repeats is visualized by lines 
and dashes that run parallel to the central diagonal 
that marks amino acid identity. Comparison of the 
deduced TIED sequence with EGF-like proteins in the 
GenBank database revealed that the TIED repeats 
were most similar with the J3 integrin cysteine-rich 
repeats. There are two features that distinguish the 
integrin J3 subunit and TIED repeats from the majority 
of other EGF-like proteins. The EGF domains of TIED 
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FIG. 3. The EGF-like domains of TIED are highly similar to those of 0 integrins. (A) The EGF-like domains of TIED alternate in 
homology. Amino acid sequences of the odd (upper) and even (lower) numbered EGF-like repeats in TIED are aligned, with consensus 
sequences shown below each group. Consensus amino acid residues are boxed in black. Numeration of amino acid residues is as in Fig, IB. 
(B) The EGF-like domains of the /3 integrins also alternate in homology. Consensus sequences of the four EGF-like repeats of the human 
integrin )31 through /38 subunits have been aligned. Identical amino acid residues are boxed in black. (C) Similarity between the TIED and 
the p integrin EGF-like domains extends to large stretches of sequence identity. The first, seventh, and eighth EGF-like repeats of TIED have 
been aligned and compared with the second repeat of integrin fS7 (Int7.2), the fourth repeat of integrin 03 (Int3.4), and the third repeat of 
integrin /36 (Int6.3), respectively. Identical amino acid residues are boxed in black. The percentage identity is indicated in the right margin. 
Gaps introduced to optimize the alignments are denoted by tildes ("). In the consensus sequences, uppercase letters indicate that 75 to 100% 
of the sequences aligned contain the amino acid at that position; lowercase letters indicate 50 to 75%; plus and minus signs indicate basic 
and acidic residues, respectively; and each dot represents the position of an amino acid residue that is not conserved. Conserved Cys residues 
are numbered as in Fig. IB or after Yuan et aL (1990). 


and /3 integrins contain eight cysteines, rather than the 
six cysteines found in the "classical" EGF domain (Figs. 
3 A and 3B). Only the first integrin repeat and the last 
TIED repeat are exceptions to the rule, possessing 
seven cysteines, as found in some of the EGF-like mod- 
ules of fibrillin that have been termed "hybrid" do- 
mains (Corson etaL, 1993; Pereira et aL, 1993). Other 
members of the EGF-like family that possess eight- 
cysteine repeats include laminin (Pikkarainen et aL, 
1988), fibrillin (Corson etaL, 1993; Pereira etaL 1993), 
and the latent TGF-/3 binding proteins (LTBP) (Kan- 


zaki etaL 1990; Moren etaL, 1994; Tsuji etaL, 1990; 
Yin et aL, 1995). The positions of the "extra" two cys- 
teine residues are unique to TIED and the j3 integrins 
and are not conserved in other eight-cysteine EGF-like 
domains present in fibrillin, laminin, and LTBPs (Fig. 
4). 

Second, the repeats show alternating similarity, 
such that odd-numbered repeats are most similar to 
one another, and vice versa, the even-numbered re- 
peats are more similar to one another than they are to 
the odd-numbered repeats. To our knowledge this par- 
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FIG. 4. Comparison of the cysteine "footprint" of the TIED and /3 integrin EGF-like repeats with those in other proteins harboring eight 
cysteine EGF-like domains. The eight cysteines contained in representative EGF-like repeats found in the laminin Bl chain (LamBl), latent 
TGF-/3 binding protein (LTBP-2), and fibrillin (Fibn) have been aligned with cysteines in the sixth and ninth repeats of TIED and the second 
and third repeats of the integrin J32 subunit (Int2.2 and Int2.3, respectively). The eight cysteine-repeat motifs have been compared with the 
six-cysteine EGF repeat motif. Gaps introduced to optimize the alignments are denoted by tildes ("). Cysteine residues are boxed in black. 


ticular feature is shared only by the /3 integrins and the 
TIED molecule. A schematic comparison of the TIED 
and j3 integrin structures is shown in Fig. 5. The odd- 
numbered TIED repeats are most similar to the even- 
numbered )3 integrin repeats. In particular the se- 
quence CSGRG is highly conserved, as is the CECD 
sequence (except for the fourth integrin repeat) (Figs. 
3 A and 3B). The number of amino acids intervening 
between cysteines at positions 6 and 7 in these repeats 
varies markedly for both molecules. Vice versa, the 
even-numbered TIED repeats are most similar to the 
odd-numbered j8 integrin repeats, although this is not 
quite as obvious since the odd-numbered j3 integrin 
repeats appear to have diverged significantly during 
evolution. Importantly, the similarity between the j8 
integrin and the TIED repeats does not relate just to 
conserved cysteine and glycine residues, but in some 
regions extends across the entire sequences. Compari- 
son of the second repeat of the integrin /37 subunit with 
the first and seventh TIED repeats reveals 57 and 51% 
identity over 35 amino acid residues, respectively, 
which increases to 66% similarity when conservative 
substitutions are taken into account (Fig. 3C). Like- 
wise, the fourth repeat of the integrin j33 subunit 
shares 68% amino acid identity over 34 amino acid 
residues with the seventh TIED repeat, and the third 
repeat of the integrin )36 subunit shares 52% amino 
acid identity with the eighth TIED repeat over 31 
amino acid residues. Interestingly, EGF domains in 
several proteins contain the small tripeptide RGD, 
which is a major integrin binding site. The TIED se- 
quence does not include an RGD motif or other common 
integrin binding motifs. 


A class of EGF repeats found in functionally diverse 
proteins contain Ca 2+ binding domains that have the 
consensus sequence Asp/Asn-x-Asp/Asn-Glu/Gln-x,,- 
Asp/Asn*-x n -Phe/Tyr (where n is variable, and the as- 
terisk indicates possible ]8-hydroxylation). Solution 
structures suggest that a conserved aromatic residue 
in a Gly-Aromatic-x-Gly motif between Cys 5 and 6 
(Downing et al f 1996; Rao et al, 1995) and Ca 2 ' ions 
(Knott et al, 1996) are both key elements involved in 
interdomain interactions that stabilize the three-di- 
mensional structure of EGF modules. Some of the odd- 
numbered TIED repeats and the second 0 integrin 
repeat have the sequence Glu/Asp-x-Asp-Asp/Glu/Gln 
(where x is the eighth cysteine residue), resembling 
part of the core Ca 2+ binding sequence. 

Alternative Splicing of TIED 3' -Untranslated Regions 

The 3'-ends of cDNA clones HUVEC5.L1 and HL- 
HFV34 diverge from clones HSRAZ62, S0003.9, and 
HOHCH55 at nucleotide positions 1476 and 1502, re- 
spectively (Fig. 6A). To determine whether the 3'-un- 
translated region might undergo alternative splicing, 
PCR primers were designed to the alternative 3'-un- 
translated regions and used to amplify TIED tran- 
scripts from fetal thymus cDNA. Primer pairs 62F and 
57 (5 ' -TTTAACCTGTCCTAGTGGTG-3 ' ; nucleotides 
1565-1584) and 62F and 59 (5'-TGTCTGCAGCATAC- 
CTTCC-3'; nucleotides 1796-1814) that should am- 
plify sequences contained in the S0003.9 and HO- 
HCH55 cDNA clones both generated correct-sized PCR 
products, whereas the primer pair 62F/58 (5'-TAAT- 
GAATTCCAATGTCTGTGC-3') that should amplify 
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Globular Domain 
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ME 


:*2 



TIED 

FIG. 5. Schematic comparison of the principal structural features of TIED with j3 integrins. The EGF-like repeats are numbered and 
shaded according to their alternating homology. Predominantly hydrophobic uncharged regions are denoted as solid blocks. SP. signal 
peptide; TM, transmembrane domain; and Cyto, cytoplasmic domain. 
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FIG. 6. TIED cDNA clones possess alternative 3 '-untranslated 
regions: authenticating the 3'-ends by RT-PCR. To determine which 
of the different 3 '-untranslated sequences in the various cDNA 
clones were authentic, RT-PCR analysis was performed using anti- 
sense primers to the alternative 3 '-ends. (A) The locations of PCR 
primers are shown in the upper schematic diagram where the open 
reading frame (ORF) is boxed, and the 3'-untransIated region is 
denoted by solid or dashed lines. (B) PCR products obtained with 
primers 62F/62R (lanes 2 and 3), 62F/57 (lanes 4 and 5), 62F/58 
(lanes 6, 7, and 8), and 62F/59 (lanes 9 and 10) were stained with 
ethidium bromide. Templates were plasmids containing the cDNA 
inserts HOHCH55 (lane 2), S0003.9 (lanes 4 and 9), HLHFV34 (lane 
6). and HUVEC5.1.1 (lane 8), and cDNA from a fetal thymus library 
(ATCC) (lanes 3, 5, 7, and 10). A ladder of DNA markers is shown in 
lane 1, with the sizes indicated in the left margin. (C) RT-PCR 
analysis of TIED transcripts in total RNA from human U-20S os- 
teogenic sarcoma cells (lanes 2 to 4) and PCR from a HOHCH55 
plasmid template (lanes 5 to 7). PCR primers were 27/29 (lanes 2 and 
5), 62F/58 (lane 3 and 6), and 62F/57 (lanes 4 and 7). Lane 1, DNA 
markers of 396, 344, and 298 bp. (Top) Ethidium bromide staining of 
PCR products; (bottom) the products have been hybridized to the 
32 P-labeled insert of clone HOHCH55. 

HUVEC5.1.1 and HLHFV34 sequences failed to gener- 
ate a PCR product, despite producing the expected 333- 
and 379-bp products from the respective plasmid tem- 
plates (Fig. 6B). 


Since the HSRAZ62 and HOHCH55 clones were 
from osteoclastoma and osteoblast cDNA libraries, we 
examined expression of the alternative TIED tran- 
scripts in human osteogenic sarcoma U-20S cells. RT- 
PCR with the primer pair 27 (5'-CTGTGGAAACTGC- 
TACTGC-3') and 29 (5'-CGTGCAGGACTGTGGGT- 
GC-3') and primer pair 62F/57 expected to amplify 
regions encompassing nucleotides 603 to 951 and 1216 
to 1584 generated products of the expected sizes of 349 
and 369 bp, respectively, which hybridized with a HO- 
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FIG. 7. Expression of TIED mRNA transcripts in various human 
tissues and in U-20S osteogenic sarcoma cells. (A) A human RNA 
Master Blot (Clontech) was hybridized with a r>2 P-labeled 900-bp 
EcoRVEcoRl fragment from cDNA clone HLHFV34. The entire blot 
is shown illustrating detectable expression only in aorta (C2), 
whereas signals from dots containing poly (A) + RNA from 49 other 
tissues were not above background. The blot was rescreened to 
distinguish background spots from positive signals. Only the signal 
from aorta poly (A) + RNA was reproduced (not shown). (B) Northern 
blot of 15 /xg of total RNA from U-20S cells hybridized with the 
32 P-labeled insert of clone HOHCH55 (right lane). The left lane 
illustrates an ethidium bromide stained agarose gel containing the 
total RNA isolated from U-20S cells. Positions of 28S and 18S rRNAs 
are indicated in the left margin. 
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FIG. 8. The human ITGBL1 gene maps to chromosome 13, band 13q33. (A) PCR analysis of a monochromosomal panel of human-rodent 
cell hybrid DNAs with the GM-F/GM-R primer pair generated a prominent 222-bp PCR product from chromosome 13, human DNA, and the 
HOHCH55 plasmid control. An autoradiograph of the PCR products hybridized with the 32 P-labeled insert of clone HOHCH55 is shown. 
Lanes correspond to DNA markers of 300 and 200 bp (L); plasmid HOHCH55 control (P); hamster (C), mouse (M). human (H) genomic DNA; 
no DNA control (N); and chromosome-specific somatic cell hybrid DNAs (chromosomes 1 to 22, X, and Y). (B) PCR analysis of a second panel 
of human-rodent cell hybrid DNAs. PCR amplification with the GM-F/GM-R primer set was from DNAs of cell hybrids that contained 
chromosome 13 (MOG34A4, lane 2; DUR4.3, lane 3; SIR74H, lane 4; LSR34S49, lane 5) and from hybrids that contained all other human 
chromosomes except for chromosomes 13, 9, and 19 (TWIN19-D12, lane 6; CTP34B4, lane 7; DTI. 2.4, lane 8). Control lanes include the 
following: lane 1, no DNA; lane 9, chromosome 9-specific hybrid DNA; lane 10, chromosome 19-specific hybrid DNA; and lane 11, chromosome 
13-specific hybrid DNA. (C) Localization of the ITGBL1 gene by FISH. Gray-scale inverted image of a complete metaphase cell showing 
fluorescent signals on chromosome 13, band q33, after hybridization of the biotinylated HOHCH55 cDNA probe (left). Idiogram of 
chromosome 13 with the q33 band bracketed and aligned with signals from enlarged copies of chromosome 13 selected from three different 
metaphase cells (right). 


HCH55 cDNA probe (Fig. 6C). A 333-bp PCR product 
could also be amplified from U-20S cDNA using the 
62F/58 primer pair. Thus the 3'-ends of all the cDNA 
clones are authentic and result from alternative splic- 
ing, where those of HSRAZ62, S0003.9, and HOHCH55 
are expressed in both thymus and osteogenic sarcoma 
cells, and those of the HUVEC5.1.1 and HLHFV34 are 
expressed only in the latter. 

TIED mRNA Is Widely Expressed but Not Abundant 

TIED cDNA clones were detected in osteoclastoma, 
osteoblast, umbilical vein, and fetal lung cDNA librar- 
ies, suggesting that TIED might be widely expressed; 
however, no clones were obtained from fetal heart and 
adrenal gland tumor cell derived libraries. Screening of 
a human RNA master blot (Clontech) containing RNAs 
from 50 different tissues revealed readily detectable 
expression of TIED mRNA transcripts only in aorta 
(Fig. 7A), suggesting that the TIED message is not 


particularly abundant in the tissues examined apart 
from aorta. TIED transcripts were not detected in ei- 
ther adult or fetal heart, suggesting that expression 
was specific for aorta. Northern blot analysis of total 
RNA prepared from U-20S osteogenic sarcoma cells 
revealed a single transcript of approximately 2.8 kb 
(Fig. 7B). 

The Human ITGBL1 Gene Maps to Chromosome 13, 
Band 13q33 

PCR from genomic DNA of a panel of human-rodent 
hybrid cell lines was used to map the human ITGBL1 
gene to a particular chromosome. The expected 222-bp 
PCR product was specifically amplified from human 
genomic DNA and from the 289 hybrid, which contains 
human chromosome 13 and fragments of chromosome 
8, 11, and 12 (Fig. 8A). ITGBL1 sequences were not 
amplified from hybrids C4A, JIC14, and laA9602 + , 
which contain human chromosomes 8, 11, and 12. As- 
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signment of the ITGBL1 gene to chromosome 13 was 
confirmed by PCR analysis of a second series of chro- 
mosomal hybrids. An ITGBL1 PCR product was am- 
plified from the DNA of four hybrids that contained 
chromosome 13 (MOG34A4, DUR4.3, SIR74U, and 
LSR34S49), but not from hybrid DNAs that contained 
all other human chromosomes except for chromosomes 
13, 9, and 19 (TWIN19-D12, CTP34B4, and DTL2.4) 
(Fig. 8B). 

The precise localization of the ITGBL1 gene was 
determined by FISH analysis using the HOHCH55 
cDNA insert as a probe. Of 40 metaphase cells exam- 
ined, 40 showed fluorescent signals on one or both 
chromosomes 13, specifically across band q33 (Fig. 8C). 
No additional site-specific signals were detected on any 
other chromosome. Other genes that have been 
mapped to chromosome band 13q33 include the pro 
alpha 1 and 2 (IV) collagen genes (Boyd et aL, 1988), 
the DNA ligase IV gene (Wei et aL, 1995), and the gene 
for xeroderma pigmentosum complementation group G 
(XPG) (Samec et aL, 1994). In terms of disease associ- 
ation, band 13q33 is a site for integration by human 
papilloma virus-33 (Gilles et aL, 1996); it is amplified 
in oral squamous cell carcinomas (Matsumura, 1995) 
and is commonly deleted in ovarian cancer (Yang-Feng 
et aL, 1992). 

In summary, we predict that TIED is a secreted 
protein linked in evolution to the stalk-like structure of 
integrin /3 subunits. Whether an ancestral TIED-like 
molecule was integrated into J3 integrins via gene con- 
version and attributes integrins with novel functions is 
not known. Given that EGF-like domains participate 
in protein-protein and protein- cell interactions, fu- 
ture studies will need to appraise whether TIED pro- 
tein has proadhesive, anti-adhesive, and/or growth fac- 
tor activities. 
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Abstract 

A cDNA clone, AtELPl (Arabidopsis thaliana EGF receptor-like protein) was isolated from an Arabidopsis cDNA library 
with an oligonucleotide probe corresponding to a highly conserved region of animal P-integrins. The cloning of this cDNA 
was previously reported and it has been proposed that AtELP might be a receptor involved in intracellular trafficking. In the 
present work, using two specific independent sets of anti-peptide antibodies, we show that AtELPl is mainly located in the 
plasma membrane, supporting another function for this protein. Structural studies, using methods for secondary structure 
prediction, indicated the presence of cysteine-rich domains specific to P-integrins. Database searches revealed that AtELPl is 
a member of a multigenic family composed of at least six members in A. thaliana. Northern blot analysis of AtELPl, 2b and 3 
was performed on mRNA extracted from cells cultured in normal and stressed conditions, and from several organs and 
plants submitted to biotic or abiotic stresses. AH the genes are expressed at different levels in the same conditions, but 
preferentially in roots, fruits and leaves in response to water deficit. © 1999 Elsevier Science B.V. All rights reserved. 

Keywords; Arabidopsis thaliana; p-Integrin; Cysteine-rich domain; EGF domain; Plasma membrane receptor 


1. Introduction 

Plant cell morphogenesis is the result of numerous 
mechanisms involved in the control of cell division 
and expansion. The cell wall, the plasma membrane, 
and the cytoskeleton are considered as the main ac- 
tors in the establishment of polarity and morphogen- 
esis. It is now clear that the membrane and mem- 
brane proteins are kept in a dynamic state to 
maintain cell structure and compartmentalization 
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[1]. Linkages between the plant plasma membrane 
and the cell wall can be observed after plasmolysis; 
however, the molecules engaged in this interaction 
are unknown. In animal cells, integrins are plasma 
membrane receptors involved in cellular adhesion. 
Some of them recognize extracellular proteins via 
the RGD sequence, a conserved motif in adhesion 
proteins from the extracellular matrix. 

The occurrence of integrins in plants has been sug- 
gested, but their identification remains obscure. Two 
lines of evidence support the occurrence of integrin- 
like receptors in plants. On one hand, immunological 
cross reactivity between antibodies raised against an- 
imal integrins and plant proteins has been observed. 
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Immunological approaches identify several plant 
proteins sharing common epitopes with animal integ- 
rins [2-7]. Using an animal integrin polyclonal anti- 
body for screening an Arabidopsis cDNA library, a 
membrane-associated protein involved in trafficking 
was isolated [8]. These results show that there are 
plant proteins sharing some motifs with animal in- 
tegrins, but the proteins have no homology. 

On the other hand, RGD peptides interfere with 
several plant physiological processes. Indeed, the ad- 
dition of RGD peptides disrupts protoplast adhesion 
in tobacco derived from NaCl-adapted cells, [9]. 
These peptides also inhibit gravity perception in 
Char a [10], and enhance soybean cellular division 
[2]. Furthermore, in the brown alga Fucus, polarity 
determination is affected by the addition of RGD 
peptides [11]; and in Uromyces, a plant pathogenic 
fungus, appressorium formation is inhibit by the 
same compounds [5]. In agreement with these data, 
Arabidopsis plasma membrane exhibits specific high 
affinity binding sites for RGD-containing peptides 
and proteins. RGD binding is strongly inhibited by 
trypsin treatment, supporting the protein nature of 
the receptor [12]. 

In this paper, we use an oligonucleotide screening 
strategy to clone integrin-like molecules in Arabidop- 
sis. The oligonucleotide probe is defined according to 
a cytoplasmic conserved region of integrin P-subunit, 
involved in interactions with the cytoskeleton [13]. If 
homology between animal and plant integrins exists, 
a functional domain involved in the interaction with 
cytoskeleton proteins will be present. Little homol- 
ogy is expected at the extracellular level since the 
extracellular matrices of animals and plants are com- 
pletely different. The receptors binding to these ma- 
trices should reflect these differences [14]. 

2. Materials and methods 

2.1. Plant material 

Arabidopsis thaliana, ecotype Columbia, was cul- 
tured in a grown chamber under fluorescent tubes 
36 W (12 W/m 2 ) with 16-h light-8-h dark photoper- 
iod. Plants were grown in pots filled with TKS2 peat 
Floratorf supplemented with 1 %o (w/w) nitrate. Ara- 
bidopsis cells were grown on Gamborg liquid me- 


dium [15]. Fifteen ml cell suspensions were routinely 
transferred to 300 ml fresh medium in 1000-ml Er- 
lenmeyer flasks every 2 weeks, and shaken (150 rpm) 
in continuous light (60 W/m 2 ) at 26°C. Cells were 
transferred to fresh culture medium containing man- 
nitol or not (250 mM), and maintained in the dark 
for different periods (1-15 days) prior to harvesting. 

2.2. cDNA library screening, sequencing and 
computer sequences analysis 

The A. thaliana cDNA library was constructed in 
pAD-GAL4 vector (Stratagene) and was kindly pro- 
vided by B. Lescure (INRA-CNRS, Auzeville). A 
17-mer degenerate oligonucleotide (AARTTYGAR- 
AARGARAA) corresponding to the peptide se- 
quence KFEKEK was synthesized. This peptide 
matched a cytoplasmic conserved region from human 
integrin (P-subunit) [16]. The oligonucleotide was la- 
beled with [y- 32 P]ATP by terminal transferase and 
used to screen the cDNA library according to Stra- 
tagene protocol. Positive clones were selected, excised 
from recombinant phage, and introduced into 
Escherichia coli strain SOLR. The isolated cDNAs 
were sequenced according to Sanger et al. [17]. 

The DNA and its deduced protein sequences were 
examined for homology in the non-redundant nu- 
cleotide and protein sequence databases using 
BLAST [18], PRODOM [19], and BLOCKS searches 
[20]. The amino acid sequence alignments were car- 
ried out on a Macintosh LC630 computer. The hy- 
drophobicity, surface probability and flexibility pro- 
files were calculated as described [21-23] with a 
window size of seven residues, using MacVector (Ko- 
dak). Hydrophobic cluster analysis (HCA) [24,25] 
was performed to delineate and compare the hydro- 
phobic clusters along the amino acid sequences. They 
were generated on a Macintosh LC using the pro- 
gram HCA-Plot2 (Doriane, Paris, France). 

2.5. RNA isolation and DNA-RNA hybridization 
analysis 

Total RNA was extracted from Arabidopsis cell 
suspensions at various times during the culture and 
from different organs using the guanidinium thiocya- 
nate method [26]. Total RNA (15 |ig) was separated 
on formaldehyde agarose gel and blotted to Nytran 
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(Schleicher and Schuell) according to the manufac- 
turer's specifications. The 3'-non-coding region of 
AtELPl, 2, and 3 were amplified by PCR using de- 
generate primers, deduced from the highly conserved 
region of the three clones (5 ' - ATCATGKC AC AG- 
TAYATGCCA-3') and a TTTTTTTTTTTTTTTW. 
Each PCR fragment was subcloned in pGEM-T 
vector (Promega), sequenced and used as specific 
probe. 

2 A. Antibody production and purification 

Specific antibodies raised against selected peptides 
derived from AtELPl were prepared. Immunogenic 
peptides were defined by HCA and prediction of 
antigen determinants [27]. Two exposed hydrophilic 
regions, located between amino acids 352 and 365 
(AEQESQIGKSRGDC, peptide 63), and amino 
acids 375-384 (NNRQYRGKLEC, peptide 64), 
were defined. BLAST analysis was carried-out to ver- 
ify the presence of identical sequences in the Arabi- 
dopsis database. No other known protein, but the 
AtELP family, showed sequence 63 or 64 indicating 
that the chosen peptides could be specific for AtELP 
proteins. Both peptides were synthesized automati- 
cally by stepwise F-moc-r-butyl solid phase synthesis 
[28] in a Synergy Applied Biosystems peptide syn- 
thesizer. Crude synthetic peptides were purified by 
reverse-phase HPLC. Purified peptides were char- 
acterized by mass spectrometry on a Lasermat 
spectrometer (Finnigan), and coupled to the carrier 
protein. Peptides were coupled either to tyroglobulin 
or to bovine serum albumin using A^-succimidyl-6- 
maleidocaproate as coupling reagent. 

Before immunization, a sample of preimmune se- 
rum was taken and tested against peptides 63 and 64. 
In the absence of response, the immunization was 
performed. One volume of complete (immunization) 
Freund's adjuvant was added to the tyroglobulin- 
coupled peptide (250 (ig per injection) and injected 
into rabbits. Two rabbits were immunized against 
each coupled peptide every 2 weeks during 3 months. 
Two antisera were obtained: serum 630 for peptide 
63, and serum 640 for peptide 64. Antibodies were 
immunopurified before use. Ten micrograms of BSA- 
coupled peptide was separated by SDS-PAGE and 
transferred to nitrocellulose. The membrane was 
stained with Ponceau red. The stained region was 


cut, unstained, and blocked with TBS, 0.1% Tween, 
and 10% non-fat milk for 1 h at room temperature. 
The membrane was washed three times (15 min each) 
with TBS 0.1% Tween 1% BSA, and incubate over- 
night at 4°C with (1/25 dilution) serum. The anti- 
bodies were eluted with 500 ^1 glycine EGTA buffer 
(glycine 0.2 M, EGTA 1 mM, pH 2.8) and neutral- 
ized with 70 nl Tris 1 M pH 8. 

2.5. Fractionation of A. thaliana membranes 

Microsomes from Arabidopsis cells were prepared 
according to Bardy et al. [29] with a grinding me- 
dium containing 0.17 M sucrose, 50 mM KC1, 1 mM 
DTT, and 10 mM HEPES, pH 7.5. Microsomes were 
separated by free-flow electrophoresis with an Elphor 
Vap-22 electrophoresis unit (Weber, Kirchheim- 
Heimstetten, Germany). The electrophoresis medium 
contained 0.25 M sucrose, 10 mM KC1, 1 mM 
MgCl 2 , 10 mM Tris and 10 mM boric acid (pH 
8.3). The electrode buffer consisted of 100 mM 
Tris, 100 mM boric acid (pH 8.3). Microsomes 
were resuspended in electrophoresis medium and 
centrifuged for 30 min at 45 000 X g. Electrophoresis 
was performed at a 100 mA constant current (about 
900 V), sample injection 2 ml h" 1 , and buffer flow 
3.5 ml fraction -1 h" 1 at 4°C. The distribution of 
membranes in each separation was monitored by ab- 
sorbance at 280 nm. Membranes were collected from 
pooled fractions by centrifugation (30 min at 
45 000 X g). Activity of different marker enzymes 
was determined as previously described [29]. Protein 
content was determined as reported [30] with bovine 
serum albumin as standard. 

2.6. Gel electrophoresis and immunodetection 

Gel electrophoresis was carried-out on 11% acryl- 
amide gels. Samples (50 |ig purified protein) were 
solubilized in 0.125 M Tris pH 6.8, 4% SDS and 
20% glycerol prior to electrophoresis. Proteins were 
transferred to nitrocellulose, and incubated overnight 
with 630 or 640 (1/100 dilution) purified primary 
antibodies, washed, and revealed with ImmunoPure 
ABC phosphatase staining kit (Pierce). 

Antibody competition was realized by incubation 
of 1 mg non-coupled peptide with its corresponding 
antibody for 2 h at 37°C. The exhausted antibody 
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Fig. 1. Comparison of the predicted protein sequences of AtELPl, 2b, 3, 4, and 5, Residues identical in all the proteins are high- 
lighted and the conserved cysteine residues are in gray. EGF signature (epidermal growth factor) is shown by * and ICR (integrin cys- 
teine-rich motif) by a boxed circle. Putative peptide signal and transmembrane domains are boxed. Spaces, denoted by dashes have 
been introduced to optimize the alignment. 


was then incubated with the nitrocellulose mem- 
branes. 


3. Results 

3.1, Molecular cloning, homology searches, and 
protein sequence analysis 

An A. thaliana cDNA library was screened with an 
oligonucleotide probe corresponding to a conserved 
cytoplasmic region of integrin P-subunits. Seven 
clones were isolated and partially sequenced. One 
clone (2712), presenting a potential transmembrane 
domain, was completely sequenced. The cDNA in- 
sert was found to be 2314 bp in length. It encodes a 


complete 623 amino acid protein, which has a pre- 
dicted molecular mass of 70 kDa and a potential 
membrane-spanning domain. Database search re- 
vealed that this clone was independently identified 
by three other groups at the same time [31]. Clone 
2712 will be called AtELPl {A. thaliana EGF-like 
protein) in this paper. 

Southern blot experiments using AtELPl cDNA 
as a probe (data not shown) revealed that AtELPl 
belongs to a multigenic family. Homology searches 
in A. thaliana EST database showed two nucleic acid 
sequences having 81 and 63% homology with 
AtELPl. These sequences were called, respectively, 
AtELP2 (accession number U79960) and AtELPS 
(EST accession number 110G6T7). The complete ge- 
nomic sequence of AtELP3 (accession number 
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Fig. 2. Schematic representation of AtELP2a, 2b, 5, 4, and 5 genomic clones. AtELP2a, 2b (BAC F26C24), 4 and 5 (BAC T09D09, 
and BAC F19I3) are located on chromosome 2. AtELP3 (BAC F18F4) is located on chromosome 3. Exons are represented by gray 
boxes and introns by white boxes. ATG represent the translation start codon. 


AL021637, pid g 2827665) and two other clones pre- 
senting homologies with AtELP 1 were deduced from 
the analysis of the A. thaliana genomic database. 
These clones were named AtELP4 (accession number 
ATAC002338, pid g 2347209) and AtELP 5 (acces- 
sion number ATAC004238, pid g 3033390) and their 
nucleic acid sequences showed 84 and 61% homology 
with AtELP 1. 

Primary and secondary sequence analyses were 
performed on AtELP 1. The polypeptide chain is 
rather hydrophilic (64% polar residues) and contains 
a high proportion of cysteine (34 residues). Its calcu- 
lated isoelectric point is 5.87. The polypeptide shares 
moderate percentages of identity (14.8 and 17.8%) 
and homology (34.6 and 38.8%) with human (Jl 
and p5 integrins. 

The deduced protein sequences of the five clones 
are shown in Fig. 1. AtELP proteins ranged from 
618 to 630 amino acids. They present the same 
common structural features: a potential signal 
peptide at the N-terminus, a large N-terminal 
region, a potential transmembrane domain, and 
a short C-terminal region. Alignment of AtELP 1, 
2, and 4 showed about 80% homology. The N-ter- 
minus contains many conserved regions. The number 
and position of cysteines is well conserved (34 Cys 
out of 560 amino acids). Three Cys-rich motifs 
were found in all the putative proteins. Two of 
them (EGF1 and EGF2, in Fig. 1) have the typ- 
ical arrangement Cx( 3 _7)Cx(2-6)Cx(7_ 10 )CxCx(7_ 1 2)C 
common to epidermal growth factors (EGF) 


with 6 cysteines in conserved positions. The 
third Cys-rich motif has a different organization 
with eight cysteines in the following sequence: 
Cx(6_8)Cx5CxCxxCxCx(8_ 13 )Cx(i_2)C. This cysteine 
alignment is characteristic of [i-integrin subunits 
(ICR, integrin Cys-rich motif in Fig. 1). The C-ter- 
minal domain of AtELPs (34-40 amino acids) con- 
tains a highly conserved sequence of 27 amino acids, 
but then diverges. It contains a YMPL site (amino 
acid 606-609). The Yxx<|> motif (x represents any 
amino acid and a hydrophobic residue) has been 
demonstrated to mediate internalization from the cell 
surface as well as targeting to intracellular compart- 
ments in mammals [32]. The more divergent sequen- 
ces correspond to the potential signal peptide, the 
putative transmembrane domain, and the C-terminus 
end. 

3.2. Structure of genomic clones 

The structure of five AtELP genes is presented in 
Fig. 2. These genomic sequences were obtained by 
the systematic sequencing programs [33]. Two se- 
quences, AtELP2a (accession number AT AC 
004705, pid 3252813) and AtELP2b (accession num- 
ber AT AC 004705, pid 3252815, which corresponds 
to the cDNA previously described as AtELP2), en- 
code proteins showing 96.5% identity (22 different 
amino acids out of 628). The length of the ORF is 
the same for both genes, but they have different in- 
tron lengths. AtELP2a and AtELP2b are located on 
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chromosome 2 in reversed position, and are sepa- 
rated by a single gene. AtELP2a and 2b could be 
the result of gene duplication. AtELP4 (accession 
number ATAC 002338, pid 2347209) and AtELPS 
(accession number ATAC 004238, pid 3033390) are 
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Fig. 3. (A) Northern blot analysis of AtELPl, 2b, and 3 gene 
expression during cell culture in control and osmotic stress con- 
ditions. Total RNA was extracted from cells cultured with 250 
mM mannitol (osmotic stress) or not (control cells). Total 
RNA (15 ug) was separated on formaldehyde gel blotted and 
probed with 32 P-specific 3'-UTR from each clone. (B) Northern 
blot analysis of AtELPl, 2b> and 3 gene expression in various 
organs of Arabidopsis. Total RNA was extracted from: leaves 
(L), stem (S), flowers (F), roots (R), siliques (S) and rosettes at 
different developmental stages (7w, 7 weeks; 3w, 3 weeks; 2w, 
2 weeks; 5w, 5 weeks) and after several stresses (W, wounding; 
MS, mechanical stress; WS, water stress). 
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Fig. 4. Western blot analysis of AtELPl on purified membrane 
fractions by free-flow electrophoresis. Membranes were pre- 
pared from cells cultured in mannitol containing medium. Frac- 
tions number 1 and 2 correspond to plasma membrane, frac- 
tions 3 and 4 to endomembrane (Golgi, ER, mitochondria,..) 
and fraction 5 to tonoplast. Lane 6 corresponds to plasmalem- 
ma (lane 2). Fifty fig protein were separated on by 11% SDS 
PAGE gel, blotted onto nitrocellulose and incubated with anti- 
body 630 (A) and antibody 640 (B) in the presence (+) or in 
absence (— ) of the corresponding peptide. Molecular mass 
standards are given on the left of the figure. 

also located on chromosome 2. The genomic se- 
quence corresponding to AtELPS (accession number 
AL021637, pid 2827665) is the only one located on 
chromosome 4. At present, the AtELPl genomic 
clone has not been found. The multigenic family 
AtELP is composed of at least six genes having 
11-13 exons and 10-12 introns. Among these six 
genes, only three have so far been found expressed 
{AtELPl, AtELP2b, and AtELP 3). 

Sequence analysis of each promoter was carried 
out using the Transfac program [34]. No clearly iden- 
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Fig. 5. Schematic comparison of AtELPl, 2a, 2b, 3, 4, 5 with other cysteine-rich proteins. Human ($5-integrin subunit (accession num- 
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tifiable regions corresponding to putative cw-acting 
elements were found in AtELP promoter genes. 

3.3. AtELPl, AtELPlb and AtELP3 gene expression 
analysis 

Analysis of AtELPl gene expression was done us- 
ing the 3' non-coding region, cloned after PCR am- 
plification. Total RNA was extracted from dark cul- 
tured cells under control or osmotic stress (Fig. 3A). 
A single signal corresponding to a 2.3-kb transcript 


was observed. This signal was increased during the 
culture period under osmotic stress, compared to 
control cells. In Fig. 3B, AtELPl gene expression 
analysis was performed on total RNA extracted 
from different organs or after various stress: me- 
chanical, wounding, water deficit, and after Ralstonia 
solanacearum infection (data not shown). A weak 
signal was observed in young plantlets (rosette stage) 
compared to other organs (leaf, root, and stem). 
Stress was applied on plantlets at 5 weeks rosette 
stage, and the higher signal was observed in plants 
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left without water for 24 h. AtELP2b and AtELP3 
gene expression was analyzed using specific probes, 
3 '-non-coding region were specifically PCR amplified 
before use. Expression of AtELPlb is weakly en- 
hanced compared to AtELPl (Fig. 3A,B) and the 
basal expression level of AtELP3 is weaker than 
the other genes under the conditions used. 

3.4. AtELPl localization 

Two sets of antibodies (630 and 640) raised against 
peptides derived from the AtELPl primary sequences 
were used for the localization of the protein. Purified 
membranes were obtained and characterized as de- 
scribed [29]. The proteins were separated on SDS gel 
electrophoresis, transferred to nitrocellulose mem- 
branes, and revealed using antibody 630. A single 
band around 80 kDa was observed in plasma mem- 
brane and endomembrane enriched fractions (Fig. 
4A). The higher signal was observed in fraction 2 
(plasma membrane). This signal strongly decreased 
when antibody 630 was pre-incubated with its corre- 
sponding peptide (lane 6). The same results were ob- 
tained when antibody 640 was used (Fig. 4B). 

4. Discussion 

A new class of membrane proteins (AtELPs) has 
been identified. Database search revealed that 
AtELPl was simultaneously cloned by three other 
groups. Whereas the primary sequence of the protein 
does not show obvious homology with known pro- 
teins from plants or other organisms, it has been 
proposed that AtELP might be a receptor involved 
in plant intracellular protein trafficking [35,36]. 
AtELP Ts secondary structure was compared with 
that of two well-known trafficking sorting proteins: 
the yeast VSP10 and the rat mannose-6-phosphate 
receptor (M6PR). Dot-plots performed with the 
PAM250 matrix [37] showed a limited number of 
very short diagonals. This indicated that no consis- 
tent similarities occurred between the proteins (data 
not shown). In addition, the Cys-rich domains lo- 
cated close to the C-terminal of AtELPl do not oc- 
cur in other proteins. 

HCA analysis of AtELPl and human integrins pi 
and p5 reinforced the structural comparison indicat- 


ing that these three proteins exhibit a very similar 
molecular organization characterized by the Cys- 
rich domains. AtELPl and P-integrin subunits have 
13.1 and 15% cysteine, respectively, on the stretch 
preceding the transmembrane domain [38]. These 
cysteines are presumably disulfide-bonded and such 
bonding would necessarily occur in the extracellular 
domain [39]. As in the p-integrin family, AtELPs 
contain two EGF-like signatures. The third Cys- 
rich domain present in AtELPs is characteristic of 
p-integrins as indicate in the PROSITE database. 
Such Cys-rich repeats seem to stabilize the integrin 
structure at the base of the protein. 

EGF domains have been found in a large number 
of proteins and their common feature is to be present 
in the extracellular domain of membrane or secreted 
proteins, with the exception of a prostaglandin G/H 
synthase. In SWISS-PROT database, 49 proteins 
present the EGF signature, containing six cysteines. 
In the mammalian EGF and LDL receptors, EGF 
regions seem to be involved in receptor-ligand inter- 
actions at the cell surface of animal cells [40,41]. 

Fig. 5 compares AtELPl-5 with other Cys-rich 
membrane proteins, like the LDL receptor, the 
EGF receptor, the yeast VpslO, and the human in- 
tegrin p5. From a structural point of view, AtELPs 
seem to be closer to the integrin family than to the 
endocytic or sorting receptors. AtELPs and the P- 
subunit of animal integrins may be derived from a 
common ancestor. AtELPs may be considered as in- 
tegrin orthologous proteins. Brower et al. [42] sug- 
gest that cell surface receptors are strongly conserved 
in higher animals, but their molecular evolution re- 
mains obscure. The cloning of two cDNAs encoding 
integrin p-subunits from coral and sponge clearly 
showed that the major structural features were well 
conserved. Comparative analysis of the genome of 
the nematode Caenorhabditis elegans showed that 
the main differences observed between the two ge- 
nomes corresponded to proteins involved in the es- 
tablishment of multicellularity (adhesion molecules) 
and cell death machinery (signaling proteins) [43]. 
Brower et al. [42] indicated that even if no protein 
with obvious homology to integrins has been identi- 
fied, the existence of integrin-like molecules in plants 
[4,12] and in fungi [44,45] has been reported by sev- 
eral authors. 

Integrins recognize the RGD sequence in their li- 
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gand via interaction with DxSxS, an integrin binding 
motif [46], The presence of an equivalent motif is 
observed in AtELP 1, 2a, and 2b proteins at the N- 
terminal domain. The presence on the same polypep- 
tide of a motif binding RGD (DxSxS), and an ex- 
posed RGD sequence is puzzling. A RGD sequence 
in the N-terminus is also present in the extracellular 
domain of human 02, P5 and 06 integrins. Papado- 
poulos et al. [47] reported that 7182 proteins contain 
the RGD motif. Of these proteins, only 120 are 
membrane or membrane-associated proteins having 
the RGD sequence in their extracellular domain and 
some are proteins involved in cell adhesion processes. 

Ahmed et al. [36] showed that the C-terminal re- 
gion of AtELPl is located in the cytosol. The cyto- 
plasmic domain of AtELPs is well conserved and it 
contains the Yxx<|> motif at a distance of about 20 
amino acids from the membrane-spanning region. 
This sequence is a recognition motif for endocytosis 
through clathrin-coated vesicles [32]. In animal integ- 
rins, the presence of the signal sequence (NPxY), 
localized about 20-25 amino acids from the trans- 
membrane domain [16], is required for internaliza- 
tion via clathrin-coated vesicles [48]. In this line, 
the vitronectin receptor av05 plays a double role in 
fibroblasts; it binds to and directly internalizes vitro- 
nectin. The presence of AtELP on the plasma mem- 
brane indicates that the protein follows the secretory 
pathway when it is synthesized, and may be internal- 
ized via clathrin-coated vesicles into the vacuolar 
compartment. This is supported by the presence of 
the protein in the trafficking vesicles [35], as well as 
for the presence of internalization signals in the cy- 
toplasmic tail. 

At present, six genes encoding AtELP were iden- 
tified in Arabidopsis, but only three were expressed, 
referred to EST and cDNA sequencing programs. 
The main accumulation of transcripts was observed 
in roots, in cultured cells and in young plantlets 
submitted to water stress. Previous work from Ka- 
tembe et al. [6], showed that integrin-like molecules 
were accumulated in Arabidopsis roots, an important 
gravity perception site. Wayne et al. [10] reported 
that gravisensing of Chara cells was dependent on 
RGD binding and a collagenase treatment indicated 
the presence of a PxGP motif in the RGD gravire- 
ceptor sequence. This motif is present in a conserved 
position in AtELP2a, 2b, 3, and 5 in the large 


N-terminal region, but the biological significance is 
unknown. 
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